


Approximate Numbers of Species of Described Extant Metazoa 

Taxon (phylum) Species 

Porifera 8,000 

Placozoa 1 

Cnidaria 10,000 

Ctenophora 80 

Platyhelminthes 20,000 

Orthonectida 20 

Dicyemida 75 

Nemertea 1,150 

Mollusca 100,000 

Annelida 12,000 - 

Echiura 150 

Sipuncula 150 

Onychophora 110 

Tardigrada 800 

Arthropoda 1,113,000 

Gastrotricha 500 

Nematoda 22,000 

Nematomorpha 325 

Priapulida 18 

Loricifera 10 

Kinorhyncha 150 

Gnathostomulida 80 

Rotifera 2,000 

Seisonida 2 

Acanthocephala 1,150 

Kamptozoa 150 

Cycliophora 1 

Phoronida 14 

Brachiopoda 350 

Bryozoa 5,000 

Chaetognatha 150 

Hemichordata 92 

Echinodermata 6,000 

Chordata 52,000 
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Geologic Time Scale 

Eon Era Period Epoch mya1 

Phanerozoic 

Cenozoic 

Quaternary Recent 0.01 

Pleistocene 1.8 

Tertiary 

Pliocene 5 

Miocene 23 

Oligocene 34 

Eocene 56 

Paleocene 65 

Mesozoic 

Cretaceous 140 

Jurassic 200 

Triassic 245 

Paleozoic 

Permian 290 

Carboniferous 350 

Devonian 410 

Silurian 440 

Ordovician 500 

Cambrian 570 

Proterozoic 2500 

Archean 3800 

Hadean 4600 

1 Millions of years ago (from beginning of interval) 
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Preface 

he seventh edition of Invertebrate Zoology is the first thor- 

oughly revised and rewritten edition of the original classic by 

the late Robert Barnes. Since the first edition was published 

in 1963, invertebrate zoology has been advanced by a legion 

of knowledgeable and creative biologists. Many first studied 

invertebrate zoology from Robert Barnes’s textbook or with 

the author himself at the Duke University Marine Laboratory, 

at the Bermuda Biological Station for Research, or at Gettys- 

burg College. Their research and that of many others, much 

of it using new techniques and disciplinary approaches, are 

revolutionizing our knowledge of invertebrates. This new edi- 

tion includes important results from all of these modern 

investigations. 

Invertebrate zoology is for those who love animated life in 

all its myriad forms, for it includes most animals and even 

the animal-like protists. It is an opportunity to revel in the 

sheer joy of an astounding diversity, which ranges from the 

familiar to the bizarre, from the infinitesimal to the gigantic, 

and from the sluggish to the swift. Invertebrate zoology not 

only delights the eye with variety, it also challenges the mind 

to seek unity in diversity. Unifying principles from all disci- 

plines in biology—indeed all sciences—are applied to the 

study of invertebrates, but invertebrate zoology also has its 

own unique core concept. 

SPECIAL FEATURES OF THE 
SEVENTH EDITION 
• Five new chapters introduce the functional-evolutionary 

approach, in which evolutionary innovations in animal form 

and function provide a unifying conceptual framework for 

invertebrate diversity. 

• New evolutionary trees (cladograms), clearly labeled and 

illustrated, clarify evolutionary relationships. 

• Nearly 200 new figures and numerous figure revisions 

increase both currency and clarity. 

• Extensive revision of the text and reorganization of the 

chapters reflects current research, including recent changes 

in the classification of major taxa. 

• New taxa covered include Cycliophora, Micrognathozoa, 

Tantulocarida, and Myxozoa. 

• Standardized uniform terminology used for the same struc- 

ture in different taxa minimizes confusion. 

• New annotated Web URLs link the book to a wealth of 

resources, including photos, animations, current research, 

and additional detail on virtually all taxa. 

• A new Web site with over 300 original color photos of living 

invertebrates and 300 key figures from the text provides 

additional teaching and learning resources. 

New Chapters Introduce Functional- 
Evolutionary Approach 
The central concept of invertebrate zoology is the evolution of 

animal form and function. It includes not only the reconstruc- 

tion of evolutionary relationships, but also the history of suc- 

cessful innovations in form and function. These innovations 

constitute the ground plans of the animal taxa, and this edi- 

tion explicitly identifies them, discusses their function, and 

presents current hypotheses for their evolutionary origin in 

what we call a functional-evolutionary approach. Although all 

chapters include functional-evolutionary content, we empha- 

size key innovations—the evolution of eukaryotic cells, multi- 

cellularity, epithelia, bilateral symmetry, and an impermeable, 

supportive exoskeleton — in separate, stand-alone, Introduc- 

tion to . . . chapters. 

For example, along with eukaryotes came large cell size, 

enhanced motility, and the ability to feed on their prokaryotic 

progenitors (Chapter 2, Introduction to Protozoa). Multicellu- 

larity resulted in another quantum leap in body size, enabling 

animals to feed on protozoa (as well as prokaryotes), but also 

conferring on them metabolic and other advantages over the 

unicellular protists (Chapter 4, Introduction to Metazoa). The 

evolution of epithelia allowed eumetazoans to physiologically 

regulate internal, extracellular compartments, such as the gut 

and coelom. This regulation not only improved the perfor- 

mance of digestive and other functions, but also liberated 

eumetazoans to some extent from the vagaries of environmen- 

tal variations, thus enabling them to sustain relatively high lev- 

els of activity (Chapter 6, Introduction to Eumetazoa). The 

adoption of bilateral symmetry by eumetazoans resulted in a 

directionally polarized body equipped with sensory organs 

used for pursuing food and mates or escaping from enemies 

(Chapter 9, Introduction to Bilateria). The arthropods, espe- 

cially the 20 million-plus species of insects, with their mobile 

appendages and protective, supportive exoskeletons, found 

the keys to the colonization of land and air (Chapter 16, Intro- 
duction to Arthropoda). 

Emphasis on Predictive Science 
The evolution of animal form and function is the conceptual 

backbone of this book. It not only provides the framework for 

invertebrate zoology, but also shifts it from a chiefly descriptive 

discipline to a dynamic predictive science. For example, if stu- 

dents have knowledge of an organism’s body size and level of 

organization, they should be able to predict the occurrence and 

nature of its circulatory system, excretory system, gas-exchange 

system, locomotory tissues, and aspects of its reproduction. The 

few, but inevitable exceptions provide opportunities to test the 

predictions, discover new functional interactions, and propose 

new predictive models. It is our experience that this approach 

XV 
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not only simplifies diversity by ordering it around predictive 

functional-evoludonary principles, but also encourages acdve 

hypothesis testing. 

New Phylogenetic Trees 
The functional-evolutionary approach relies on phylogeny to 

identify the key traits associated with each major evolutionary 

lineage. The seventh edition embraces cladistics as the method 

of choice for reconstructing phylogenetic trees (cladograms), 

and a simplided introduction to cladistics, with a set of illus- 

trated exercises, is provided in Chapter 1 (Introduction to 

Invertebrates). Phylogenetic trees are drawn for most major 

taxa and we have designed the trees to be easily readable, thus 

encouraging students to study and test them. The terminal 

taxa are named, as always, at the branch tips, but sister taxa are 

also named at parallel levels within the tree. This convention 

readily identifies sister taxa and reinforces the chief goal of 

cladistics: to determine sister-taxon relationships by discovering 

synapomorphies. 

The phylogenetic trees in this book are based on traditional 

and newly identified morphological characters as well as molec- 

ular data. The accompanying figure legends include not only 

the apomorphic characters associated, by number, with each 

branch, but also identify all taxa by name, thus providing a sum- 

mary—a study guide—for the key traits of each taxon. When 

significant competing phylogenies have been published, we pre- 

sent trees illustrating the alternatives. Chapters also include a 

Phylogeny of . . . section that offers critical discussion of past 

and present phylogenetic hypotheses. All phylogenies are hy- 

potheses, parts of the ongoing process of discovery. As new facts 

are discovered, students and teachers are encouraged to criti- 

cize and modify the trees in this book. 

The widespread adoption of cladistics has resulted in “nat- 

ural classifications that reflect evolutionary relationships better 

than most other phylogenetic methods. Phylogenetic trees sup- 

ported by synapomorphies are composed of sister taxa grouped 

pairwise, often at many hierarchic levels, or ranks. Such trees are 

highly informative, but the ranking of taxa often conflicts with 

the Linnean categories (kingdom, phylum, class, order, and so 

on) traditionally assigned to these same taxa. In addition, the 

sheer number of hierarchic ranks frequently exceeds the num- 

ber of Linnean categories for them. Partly because of the large 

number of ranks in phylogenies based on cladistics, many mod- 

ern systematists avoid assigning Linnean categories to them. 

In accordance with modern practice, this edition of Inverte- 

brate Zoology de-emphasizes the assignment of taxa to Linnean 

categories. Our own teaching experience indicates that stu- 

dents and professors welcome this change. To keep track of 

the relative ranks of taxa, we provide text figures of phyloge- 

netic trees and a corresponding tabular hierarchy in a chapter 

section called Phylogenetic Hierarchy of ... . For those who 

find the change to be unsuited to their background or style, 

we have retained the Linnean category names as superscript 

abbi eviations on the names of taxa where those names appear 

in chapter outlines, chapter headings, and the Diversity of. . . 

sections of the chapters. 

Standardization of Anatomical Terms 
The functional-evolutionary approach is necessarily compara- 

tive, and we strive to encourage comparative as well as analyti- 

cal thinking. To facilitate comparisons, many anatomical terms 

have been standardized in this edition. For example, despite 

being homologs, the filtration excretory organs of arthropods 

are traditionally assigned different names in different taxa. We 

note these specialized names, but describe the homologous 

organs under the single name saccate nephridium. Similarly, 

acknowledging the homology of hemichordate and echino- 

derm coelomic cavities, we use the hemichordate terms proto- 

coel, mesocoel, and metacoel in reference to the embryonic and 

larval coelomic cavities of echinoderms. Such terminological 

changes, as well as some replacement terms coined for clarity, 

were adopted to help students learn invertebrate zoology and 

we hope that specialists will be patient with the changes. It is 

our experience that students who become invertebrate zoolo- 

gists readily learn and adopt the classical terms applied to 

their organisms. 

New Web Site with More than 
600 Images 
Invertebrates are not only curious and engaging animals, 

most are so colorful and beautiful, especially when seen 

alive. For many students, it is this first visual contact with a 

living snail, sea star, or squid that galvanizes their curiosity 

into a life-long devotion to invertebrate zoology and, often, 

biology in general. This edition gives the instructor access to 

an online bank of approximately 300 original color images 

of living, primarily marine invertebrates and to 300 of the 

text figures. Both the photos and the text images can be 

shared with students in a number of ways. For example, the 

instructor can provide access for viewing online or can 

download and customize the images into study sheets or lec- 

ture presentations. 

Encouragement for Firsthand Discovery 
Invertebrate zoology is a frontier for discovery open to stu- 

dents as well as experienced scientists. The overall goal of this 

new edition of Invertebrate Zoology is to encourage exploration 

of this frontier and provide some guideposts, but the best 

source of discovery is the animals themselves. To the extent 

that is possible for them, we encourage instructors to use liv- 

ing invertebrates in their teaching laboratories and motivated 

students to enroll in a summer invertebrate zoology course 

taught at a marine laboratory. The interaction between a curi- 

ous mind and a living organism is a fertile medium for discov- 

ery. We have found that the mix of motivated students and 

living invertebrates invariably results in new observations and 

ideas. 

Edward E. Ruppert 

Richard S. Fox 

June 2003 
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2 Chapter 1 Introduction to Invertebrates 

VL9 he study of invertebrates is a gateway to the vast diversity 
of animal life. The astronomical numbers and myriad forms of 

invertebrates delight the eye, challenge the mind, and provide 

limidess opportunities for scientific discovery. Invertebrates 

account for more than 99% of all species of animals and, 

although fewer than 1 million living species have been named 

so far, the total number of animal species on Earth may exceed 

30 million. Clearly, most invertebrate species remain to be dis- 

covered and described, while among those already identified, 

few have been studied in depth. Thus, any curious individual 

equipped with the simplest observational or experimental tools 

can make original and enduring contributions to science. 

At first glance, the diversity of invertebrates may seem 

incomprehensible, like contemplating infinity, but the count- 

less individuals and species are variations on a relatively 

few readily identifiable themes. One of these themes is the 

ground plan (basic design, or Bauplan) of each taxonomic 

group. For example, although there are millions of species of 

arthropods, all have a segmented body, an exoskeleton that is 

molted with growth, and jointed appendages. Knowing those 

few traits enables anyone to identify an arthropod as such and 

to appreciate the insect, crustacean, centipede, and spider 

variations on the arthropod theme. The chapters in this book 

have been written to highlight the ground plan of each major 

group and thus to provide a foundation on which to under- 

stand the thematic variations. 

Another way to simplify the diversity of invertebrates is to 

establish the evolutionary relationships between the groups 

of animals, to draw an evolutionary tree. This is accomplished 

by identifying similarities in the themes of two or more groups 

and uniting them on the basis of their unique similarities. So, 

for example, crabs, lobsters, and shrimps (and a few minor 

groups) are closely related to each other because only they, 

among all crustaceans, share a design with five pairs of loco- 

motory appendages. The evolutionary history of a group is 

called its phylogeny and the actual depiction of evolutionary 

relationships is known as a phylogenetic tree (or cladogram). 

Although a phylogenetic tree, as a scientific hypothesis, is 

subject to testing and change, it nevertheless provides a frame- 

work on which to organize and compare ground plans and 

thus summarize much of the factual content of each chapter. 

For those unfamiliar with the method for constructing or in- 

terpreting phylogenetic trees, an exercise in phylogenetic re- 

construction is provided later in this chapter. 

Yet another approach to invertebrate diversity is to view ani- 

mal design in a framework of functional principles. Here we 

seek to understand how the fundamental principles of physics 

and chemistry impose limits—indeed, control —design. For 

example, flight requires an airfoil (wing) to produce lift. 

Although the composition of wings can differ (exoskeleton, 

skin, feathers, aluminum) and the animals having them may be 

unrelated, all necessarily have the shape of a wing. Thus, we 

can predict that any animal that evolves flight will have some- 

thing that looks like a wing. At a slightly more derived level are 

the principles of physiology, development, and ecology. These 

concepts together—physical, chemical, biological — allow one 

to view living invertebrates as complex and fascinating expres- 

sions of a few principles. The subtlety and elegance of this 

approach breathes life into invertebrate zoology. 

This book integrates invertebrate structure and function in 

an evolutionary context. The sequence of chapters, especially 

in the first part of the book, is progressive, and sev- 

eral chapters (those whose titles include “Introduction to”) 

describe major turning points in animal evolution, such as the 

origin and significance of the multicellular body and, later, 

bilateral symmetry. At each of these “steps,” the animal body 

evolved a radically new design, which created novel ecological 

opportunities and was inherited by all descendants. How those 

new designs might have evolved, how they work in the context 

of general functional principles, and how they enabled their 

possessors to exploit new adaptive zones are the subjects of the 

“Introduction to” chapters. This book, then, is a blend of fac- 

tual descriptions and provisional syntheses that are subject to 

scientific testing and revision. Throughout the book, we 

emphasize that opportunities abound for discovery in this 

dynamic field. 

To provide comprehensive coverage of invertebrates is 

a goal of this book, but a few taxa are described in less detail 

than others. Because most schools have specialized courses in 

protozoology, parasitology, and entomology, we provide only 

abbreviated coverage of unicellular organisms (protozoa), 

parasitic invertebrates, and insects (Hexapoda). 

RECONSTRUCTION OF 
INVERTEBRATE PHYLOGENY  

CLADISTIC METHOD 
One of the noteworthy achievements of biological research 

has been the establishment of a natural system, the recogni- 

tion of species and the arrangement of those species in a hier- 

archic pattern of relationships. This pattern of evolutionary or 

kinship relationships is called a phylogeny, or a “tree of life.” 

The science that concerns itself with the discovery and depic- 

tion of phylogeny is known as phylogenetic systematics or 

cladistics. The goal of cladistics is to discover and portray the 

kinship relationships among species, ultimately in a phyloge- 

netic tree, or cladogram. 

In practice, one establishes a kinship relationship between 

two named groups, or tax a (the singular is taxon), by detecting 

a trait, or character, that is expressed in these taxa alone. Such 

a uniquely shared character is called a synapomorphy 

(= shared derived character), and taxa united by one or more 

synapomorphies are called sister taxa. Because a synapomor- 
phy is shared by the sister taxa and no other taxon, it must 

have evolved in the immediate ancestor of the sister taxa. Thus 

the synapomorphy observed in the descendants actually origi- 

nated in the ancestor as an evolutionary novelty, now called an 

autapomorphy (= self-derived character). As the sole descen- 

dants of that one immediate ancestor, the sister taxa constitute 

a monophyletic (= one origin) taxon. The ultimate goal of 

cladistics is to reconstruct a comprehensive tree of life based 

solely on monophyletic taxa. 

An example of these concepts can be drawn from the arthro- 

pods (Fig. 1-1). For taxa, consider the crustaceans (such as 

shrimps, crabs, and lobsters) and tracheates (insects, milli- 
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Chelicerata Crustacea Tracheata 

(Autapomorphy) 

FIGURE 1-1 Cladistics. Example of the use of cladistics in 
phylogenetic reconstruction (see text). The observation of a uniquely 
shared character (synapomorphy), "mandibles," in Crustacea and 
Tracheata unites them as sister taxa in a monophyletic taxon, 
Mandibulata. Thus the stem species, or ancestor, of Mandibulata must 
have first expressed "mandibles" as an evolutionary novelty 
(autapomorphy). Similarly, the observation that "jointed appendages" 
occur in only chelicerates and mandibulates and nowhere else indicates 
that the character "jointed appendages" is a synapomorphy of the 
two sister taxa, which form the monophyletic taxon Arthropoda. The 
ancestral arthropod, therefore, first acquired "jointed appendages" as 
an evolutionary innovation, or autapomorphy. If an observer, for lack 
of complete knowledge, unites chelicerates and crustaceans into 
what he believes is a monophyletic taxon because both share "jointed 
appendages," the union is false because "jointed appendages" are 
not unique to chelicerates and crustaceans alone, but to all arthropods. 
Thus the character "jointed appendages" did not evolve in the 
immediate ancestor to chelicerates and crustaceans alone, but in 
a deeper ancestry that also gave rise to the tracheates. The chelicerates 
and crustaceans express this deeply ancestral trait as a shared 
primitive character, or symplesiomorphy. The false union based on 
a symplesiomorphy is called a paraphyletic taxon. The autapomorphy 
"chelicerae" is a pair of pincerlike appendages on the second segment 
of the head. 

pedes, and centipedes, for example). Representatives of these 

two taxa show that all share the character “mandibles” (jaws 

derived from appendages on the third head segment), which 

occurs nowhere else and thus is a synapomorphy of crustaceans 

and tracheates. The synapomorphy indicates that the sister 

taxa (Crustacea, Tracheata) constitute a monophyletic taxon, 

the ancestor of which first evolved mandibles as an evolution- 

ary novelty, or autapomorphy. Once the monophyletic taxon 

has been identified, it is given a formal name—in this case, 

Mandibulata. 

Now suppose that, instead of crustaceans and tracheates, 

the study began with crustaceans and chelicerates (including 

horseshoe crabs, scorpions, and spiders) and found that they 

shared the character “jointed appendages,” which was then 

hypothesized to be a synapomorphy of the two taxa (Fig. 1-1). 

The character “jointed appendages,” however, is not shared by 

crustaceans and chelicerates alone, but also by the tracheates. 

This means that the “jointed appendages” of chelicerates and 

crustaceans is not a shared derived character but rather 

a shared ancestral trait, or symplesiomorphy, that evolved in the 

stem species (ancestor) of all arthropods. The erroneous union 

of crustaceans and chelicerates based on a symplesiomorphy is 

called a paraphyletic taxon (Fig. 1-1). A paraphyletic taxon con- 

tains some, but not all, of the descendants of the stem species. 

A major challenge of modern phylogenetic research is to iden- 

tify and weed out paraphyletic taxa. In this example, “jointed 

appendages” is actually an autapomorphy of the monophyletic 

taxon Arthropoda, which includes the sister taxa Chelicerata 

and Mandibulata (Crustacea + Tracheata; Fig. 1-1). 

A paraphyletic taxon fails to include all descendants of one 

ancestor, but a polyphyletic taxon includes the descendants of 

more than one ancestor. This mistake occurs when a shared 

similarity results from evolutionary convergence rather than 

common ancestry. Similarity attributable to common genetic 

inheritance is called homology, whereas the superficial similar- 

ity that arises from convergence is known as homoplasy (or 

analogy). Only homologous structures are useful in phyloge- 

netic reconstruction based on monophyletic groups. An exam- 

ple of a polyphyletic taxon would be one that united birds, 

bats, and insects together because all share “wings.” Bird 

wings, bat wings, and insect wings, however, are unrelated 

homoplasous structures, and the members of this polyphyletic 

taxon descended from three separate ancestors, each of which 

independently evolved its own unique wing. 

The application of the cladistic method to species, groups 

of species, and groups of groups of species leads to the 

dichotomously branching hierarchic structure that typifies 

a phylogenetic tree. Hierarchic structure means that species 

are nested in larger, more inclusive taxa, which are contained 

in still more inclusive groups. So a species of shrimp is a kind 

of crustacean, which is a kind of mandibulate, which is a kind 

of arthropod, which is a kind of animal. The hierarchy shown 

in Figure 1-1 can also be summarized in tabular form in a phy- 

logenetic hierarchy: 

Arthropoda 

Chelicerata 

Mandibulata 

Crustacea 

Tracheata 

A properly constructed phylogenetic tree is a deeply infor- 

mative representation. The kinship relationships of species and 

higher taxa are shown graphically and the synapomorphies are 

indicated for each pair of sister taxa. The autapomorphies 

associated with stem species, moreover, offer insight into the 

form of the ancestors, which then may be compared with fossil 

evidence, if such exists. 

Although we try to choose simple, factually sound examples 

to explain the method of phylogenetic reconstruction, in prac- 

tice most reconstructions are more complex. It often happens, 

for example, that apparent synapomorphies are contradictory: 

Synapomorphy 1 unites taxa A and B and synapomorphy 

2 unites taxa B and C. This results in two different and 

competing trees. In this situation, systematists choose the tree 
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with the fewest branches, the tree that assumes the fewest 

number of character changes — that is, the most parsimonious 

tree. This principle of parsimony is one of the important 

underlying assumptions of phylogenetic systematics (and of 

science in general). It is an especially important tool in com- 

puter-aided cladistics. In such analyses, the software sifts 

through large amounts of data in the form of numerically 

coded morphological and molecular characters and, using dif- 

ferent routines for joining or weighting them, generates more 

than one tree. From among these alternatives, a most parsimo- 

nious tree is typically calculated and drawn. 

In this book, all trees of phylogenetic relationship are 

based on synapomorphies and, unless otherwise noted, are 

plotted by hand, as in Figure 1-1. This explicit and direct 

approach was adopted to allow you, the student, to evaluate 

the choice and validity of characters used in the reconstruc- 

tions. Trees are sensitive to new facts and to reevaluation of 

assumptions about the nature of the characters themselves. 

As you acquire new knowledge applicable to phylogenetics, 

create your own trees and test them against those presented in 

the text. 

DOWNPLAYING THE LINNEAN 
CATEGORIES 
Modern cladistics is the method of choice for establishing 

kinship relationships among taxa. Once monophyletic taxa 

are identified and named on a phylogenetic tree or in a phylo- 

genetic hierarchy, the hierarchic relationships among the taxa 

are obvious and clear (see Fig. 1-1 and the phylogenetic 

hierarchy set out in the last section). The question then is: 

“What is gained by assigning a Linnean category—phylum, 

class, order, and so on — to the taxon names already present?” 

Many systematists today have abandoned the Linnean cate- 

gories because they are unnecessary, because they were 

established by Linnaeus for what he considered to be the 

immutable levels of Creation, and because new cladistic ranks 

of many taxa do not coincide well with the old Linnean cate- 

gories. For some, liberation from the Linnean categories will 

shift emphasis away from pigeonholing (“To what class does 

this animal belong?”) to science (“What are the postulated 

synapomorphies of Crustacea and Tracheata and how can they 

be tested.1" ). For others, however, the Linnean hierarchy of 

categories will continue to provide a familiar and constant 

frame of reference. 

This book embraces the new cladistic approach to systemat- 

ics and largely dispenses with Linnean categories. The relative 

ranks of taxa can be obtained from the phylogenetic trees, 

the text sections that include “Phylogenetic Hierarchy of” in 

their title, and the chapter headings. To soften the transition 

from the classical to modern approach, however, Linnean 

categories are assigned to taxa as superscript abbreviations 

when a taxon name is used as a text heading. The standard 

abbreviations are: p for phylum, (; for Class, ° for Order, and 
F for Family. An uppercase s prefixed to a category abbreviation 

identifies a supertaxon, a lowercase s identifies a subtaxon, and 

a lowercase 1 indicates an infrataxon. Super-, sub-, and infrataxa 

are ranked as follows: 

Supertaxon 

Taxon (for example, phylum, class, order) 

Subtaxon 

Infrataxon 

In the phylogenetic hierarchy given earlier, the super- 

scripts would be: Arthropodap, CheliceratasP, MandibulatasP, 

Crustacea'p, and TracheatalP. 

AN EXERCISE IN CLADISTICS  
Figures 1-2, 1-3, and 1-4 as well as the following text provide an 

exercise in cladistics for those who wish to practice building 

a phylogenetic tree. The exercise is divided into three steps, 

each of which is highlighted and explained here and in the 

figure legends. 

• Step 1: Study characters of a group of taxa in question and 

search for apomorphies, first within species (Fig. 1-2) 

Figure 1-2 shows one individual from each of six fictitious 

species. The first task is to establish (or not) the uniqueness 

(validity) of each species. To accomplish this, search for a char- 

acter that is expressed uniquely in each species alone. Once 

identified, that character is assumed to have evolved as an evo- 

lutionary novelty in the ancestor of that species and is thus 

a species-level autapomorphy. An autapomorphy for each of 

the six species is shown in Figure 1-2. In this example, these 

species are then named appropriately according to their 

autapomorphies. So, the species with the autapomorphy 

“fan tail” is named Fan tail, the species with “long antennae” is 

named Long antennae, and so on as shown in Figure 1-2. The 

italicized species binomial always consists of a capitalized genus 

name (for example, Fan) and a lowercase species name (tail). 

In actual practice, both names would be latinized. 

• Step 2: Find synapomorphies that Link species and groups of 

species pairwise into a most parsimonious tree (Fig. 1-3) 

Figure 1-3 shows the most parsimonious phylogenetic tree 

for the six species. The tree results from the recognition of 

a character or characters (synapomorphies) that are shared 

uniquely by two species or two groups of species. Notice that 

at least one synapomorphy supports the pairwise union of 

species (and higher groups) into sister taxa. For example, 

species Shoulder leg and Fan tail are united in a monophyletic 

taxon by the uniquely shared character (synapomorphy) 

“stalked eyes.” This new monophyletic taxon has yet to be 

named and thus is temporarily designated Nomen nominan- 
dum (= new name), abbreviated N. N. 

Proceeding deeper into the tree, notice that the mono- 

phyletic taxon that includes Shoulder leg and Fan tail is united 

with the species Scissors tail in another monophyletic taxon by 

the synapomorphies “three segments” and “pliers claw.” This 

new, higher-level taxon is also temporarily designated N. N. 

Figure 1-3 shows the progressive pairing of taxa into mono- 

phyletic groups based on shared derived characters. But 

a dilemma is encountered with Paddle foot at the base of the 
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Long antennae Paddle foot 

FIGURE 1-2 Exercise in cladistics, step 1 (see also text). Each of the six illustrated animals represents one 
fictitious species. The first step in the analysis is to identify one or more characters that is unique to each species 
(autapomorphy). The autapomorphies of each species in this example are shaded and reflected in the species' 
name. 

tree. The dilemma is whether the characters associated with 

Paddle foot are plesiomorphies or apomorphies. Is the charac- 

ter “paddle foot” an autapomorphy of Paddle foot that is found 

in that species and nowhere else, or is it a symplesiomorphy 

occurring in Paddle foot and in other, as yet unstudied species? 

Similarly, is the character “eight segments” an autapomorphy 

of the original six species or is it a symplesiomorphy occurring 

in those six plus additional species? The questions boil down 

to this: How do we establish the apomorphy vs. plesiomorphy 

polarity of the characters? The monophyly or paraphyly of the 

group of six species hinges on the determination of character 

polarity. The practical solution to this dilemma is to discover 

whether or not “eight segments” and “paddle foot” occur 

outside the group of six species, and this requires the exami- 

nation of additional species. The extension of the cladistic 

analysis beyond the taxa of immediate interest is called an 

outgroup comparison. The goal is to determine character 

polarity to resolve the plesiomorphy vs. apomorphy dilemma. 

• Step 3: Perform an outgroup analysis and name the mono- 

phyletic taxa (Fig. 1-4) 

Figure 1-4 resolves the uncertain polarity of characters “pad- 

dle foot” and “eight segments” by performing an outgroup 

analysis. The outgroup in this example is represented by a single 

unnamed species and it is compared with the ingroup consisting 

of the six original species. The outgroup species lacks the char- 

acters “paddle foot” (it has “normal” feet) and “eight segments” 

(it has nine segments). Thus, the outgroup comparison enables 

us to conclude that “paddle foot” is an autapomorphy of the 

species Paddle foot and “eight segments” is a synapomorphy of 

Paddle foot and the taxon (Cultrichela) that includes the remain- 

ing five ingroup species. Not all species of Cultrichela, however, 

have eight segments. Some have evolved a body with fewer 

segments, in this example, five and three segments. Or, alterna- 

tively, “eight segments” is an autapomorphy of a monophyletic 

taxon that includes the original six species. The character “eight 

segments,” as both synapomorphy and autapomorphy, is shown 

in Figure 1-4. 

In reference to the original analysis, the ingroup of six 

species, apomorphies now support the monophyly of all 

sister taxa. At this point, it is appropriate to replace the provi- 

sional N. N. designation with a formal Latin name. These 

formal names, which are derived from taxon autapomor- 

phies, are shown on Figure 1-4. For example, the mono- 

phyletic taxon supported by the apomorphy “stalked eyes” is 

named Exophthalmia (= prominent eyes), the taxon sup- 

ported by “three segments” is named Triannelida (= three 

rings), and the monophyletic taxon that includes all six 

species, based on the apomorphy “eight segments,” is desig- 

nated Octoannelida (= eight rings). The phylogenetic hierar- 

chy of Octoannelida is: 

Octoannelida 

Paddle foot 

Cultrichela 

Long antenna 

Urocopa 

Five segments 

Triannelida 

Scissors tail 

Exophthalmia 

Shoulder leg 

Fan tail 
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Paddle foot Long antennae Five segments Scissors tail 

“jacknife-claw” 

“eight-segments”?, “paddle-foot”? 

N.N. 

I 5 
N.N,? 

Shoulder leg 
L  

Fan tail 
——L 

“stalked-eyes” 

"three-segments”,“pliers-claw" 

“oar-tail” 

N.N. 

5 

N.N. 

N.N. 

5 

Synapomorphy 

Autapomorphy □ 

Monophyletic taxon 

FIGURE 1-3 Exercise in cladistics, step 2 (see also text). The six fictitious species are united pairwise into 
monophyletic taxa on the basis of uniquely shared characters (synapomorphies). The observed synapomorphy 
of each pair of sister taxa (together a monophyletic taxon) evolved as an evolutionary novelty in the ancestor of 
the monophyletic taxon and is indicated on the tree as an autapomorphy. Each of the monophyletic taxa is given 
a general temporary designation, abbreviated N. N. Notice the uncertainty associated with the characters "eight 
segments and "paddle foot." Both characters could be either apomorphies or plesiomorphies. If they are 
apomorphies, then the N. N. taxon that includes all six species is monophyletic; if they are plesiomorphies, then 
the taxon is paraphyletic. The plesiomorphic vs. apomorphic interpretation of these characters can be resolved 
only by comparison with a taxon or taxa outside this group of six species. Such an outgroup comparison is shown 
in Figure 1-4 and is described in the text. 
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“Ingroup” 
Paddle foot Long antennae Five segments Scissors tail Shoulder leg Fan tail 

4 
Scissors tail mia 

Five segments 

[ 11 
Triannelida 

' —r-  

Long antennae Urocopa 
  1  

I 
Cultrichela 
zzrzzx 

“Eight-segments” 

T 
Octoannelida 

Synapomorphy 

Autapomorphy 

Monophyletic taxon 

Sister taxa nr 

FIGURE 1-4 Exercise in cladistics, step 3 (see also text). An outgroup analysis shows that the character 

"paddle foot" is an autapomorphy of the species Paddle foot. It also indicates that the character "eight 

segments" is a synapomorphy of the taxon (species) Paddle foot and its sister taxon, Cultrichela, which 

includes all other species. Thus the synapomorphy "eight segments" establishes the monophyletic 

taxon Octoannelida for the six species in this study. The autapomorphies of the monophyletic taxa are: 

I, Octoannelida: "eight segments"; 2, Paddle foot: "paddle foot"; 3, Cultrichela: "jacknife claw"; 4, Long 

antenna: "long antenna"; 5, Urocopa: "oar tail"; 6, Five segments: "five segments" (reduced from eight), 

"pliers claw" (modification of "jacknife claw"); 7, Triannelida: "three segments" (reduced from eight); 

8, Scissors tail: "scissors tail"; 9, Exophthalmia: "stalked eyes"; 10, Shoulder leg: "shoulder leg"; 

II, Fan tail: "fan tail." 



8 Chapter 1 Introduction to Invertebrates 

REFERENCES  

BOOKS AND JOURNALS 

Comprehensive 
Beklemishev, V. N. 1969. Principles of Comparative Anatomy 

of Invertebrates. University of Chicago Press, Chicago. 

(Two volumes.) 

Bronn, H. G. (Ed.): 1866-. Klassen und Ordnungen des 

Tierreichs. C. F. Winter, Leipzig and Heidelberg. (Many 

volumes; the series is incomplete.) 

Fretter, V., and Graham, A. 1976. A Functional Anatomy of 

Invertebrates. Academic Press, London. 600 pp. 

Grasse, P. (Ed.): 1948-1996. Traite de Zoologie. Masson, Paris. 

(Seventeen volumes.) 

Harrison, F. W. (Ed.): 1991-1999. Microscopic Anatomy of 

Invertebrates. Wiley-Liss, New York. (Fifteen volumes.) 

Hyman, L. H. 1940. The Invertebrates. Vol. 1. Protozoa through 

Ctenophora. McGraw-Hill, New York. 726 pp. 

Hyman, L. H. 1951. The Invertebrates. Vol. 2. Platyhelminthes 

and Rhynchocoela: The Acoelomate Bilateria. McGraw-Hill, 

New York. 550 pp. 

Hyman, L. H. 1951. The Invertebrates. Vol. 3. Acanthocephala, 

Aschelminthes and Entoprocta. McGraw-Hill, New York. 

572 pp. 

Hyman, L. H. 1955. The Invertebrates. Vol. 4. The Echinoder- 

mata. McGraw-Hill, New York. 763 pp. 

Hyman, L. H. 1959. The Invertebrates. Vol. 5. Smaller Coelo- 

mate Groups. McGraw-Hill, New York. 783 pp. 

Hyman, L. H. 1967. The Invertebrates. Vol. 6. Mollusca I. 

McGraw-Hill, New York. 792 pp. 

Kozloff, E. N. 1990. Invertebrates. Saunders, Philadelphia. 866 pp. 

Parker, T. J., and Haswell, W. A. 1951. A Text-Book of Zoology. 

Vol. 1. MacMillan, London. 770 pp. 

Parker, S. P (Ed.): 1982. Synopsis and Classification of Living 

Organisms. Vol. 1. McGraw-Hill, New York. 1166 pp. 

Parker, S. P. (Ed.): 1982. Synopsis and Classification of Living 

Organisms. Vol. 2. McGraw-Hill, New York. 1236 pp. 

Pearse, V., Pearse, J., Buchsbaum, M., and Buchsbaum, R. 1987. Liv- 

ing Invertebrates. Blackwell Scientific, Palo Alto, CA. 848 pp. 

Russell-Hunter, W. D. 1979. A Life of Invertebrates. Macmillan, 

New York. 650 pp. 

Westheicle, W. and Rieger, R. M. (Eds.): 1996. Spezielle Zoolo- 

gie. Erster Teil: Einzeller und Wirbellose Tiere. Gustav 

Fischer Verlag, Stuttgart. 909 pp. 

Lab Manuals 
Brown, F. A., Jr. 1950. Selected Invertebrate Types. John Wiley 

and Sons, New York. 597 pp. 

Dales, R. P. 1981. Practical Invertebrate Zoology. 2nd Edition. 

John Wiley and Sons, New York. 356 pp. 

Freeman, W. H., and Bracegirdle, B. 1971. An Atlas of Inverte- 

brate Structure. Heinemann Educational Books, London. 

129 pp. 

Pierce, S. K., and Maugel, T. K. 1989. Illustrated Invertebrate 

Anatomy. Oxford University Press, Oxford. 320 pp. 

Sherman, I. W., and Sherman, V. G. 1976. The Invertebrates: Func- 

tion and Form. 2nd Edition. Macmillan, New York. 334 pp. 

Wallace, R. L., Taylor, W. K., and Litton, J. R. 1988. Invertebrate 

Zoology. 4th Edition. Macmillan, New York. 475 pp. 

Morphology 
Abbott, D. P. 1987\ Observing Marine Invertebrates. Edited by 

G. H. Hilgard. Stanford University Press, Stanford, CA. 

380 pp. 

Bereiter-Hahn, J., Matoltsy, A. G., and Richards, K. S. (Eds.): 

1984. Biology of the Integument. Vol. 1: Invertebrates. 

Springer-Verlag, Berlin. 841 pp. 

Kennedy, G. Y. 1979. Pigments of marine invertebrates. Adv. Mar. 

Biol. 16:309-381. " 

Welsch, U., and Storch, V. 1976. Comparative Animal Cytology and 

Histology. University of Washington Press, Seattle. 343 pp. 

Functional Morphology and Physiology 
Alexander, R. M. 1982. Locomotion of Animals. Chapman and 

Hall, London. 192 pp. 

Atema, J., Fay, R. R., Popper, A. N., and Tavolga, W. N. (Eds.): 

1987. Sensory Biology of Aquatic Animals. Springer-Verlag, 

New York. 936 pp. 

Bullock, T. H., and Horridge, G. A. 1965. Structure and Function 

of the Nervous System of Invertebrates. W. H. Freeman, San 

Francisco. (Two volumes.) 

Clark, R. B. 1964. Dynamics in Metazoan Evolution: The Origin 

of the Coelom and Segments. Clarendon Press, Oxford. 

313 pp. 

Elder, H. Y., and Trueman, E. R. (Eds.): 1980. Aspects of Animal 

Movement. Cambridge University Press, New York. 250 pp. 

Highnam, K. C., and Hill, L. 1977. The Comparative Endocrinol- 

ogy of the Invertebrates. 2nd Edition. LTniversity Park Press, 

Baltimore. 357 pp. 

Hughes, R. N. 1989. A Functional Biology of Clonal Animals. 

Chapman and Hall, London. 331 pp. 

Johnsen, S. 2000. Transparent animals. Sci. Am. Feb.:83-89. 

Laufer, H., and Downer, R. G. H. (Eds.): 1988. Invertebrate 

Endocrinology. Vol. 2. Endocrinology of Selected Inverte- 

brate Types. Alan R. Liss, New York. 500 pp. 

Rankin, J. C., and Davenport, J. A. 1981. Animal Osmoregula- 

tion. John Wiley and Sons, New York. 202 pp. 

Russell, F. E. 1984. Marine toxins and venomous and poisonous 

marine plants and animals. Adv. Mar. Biol. 21:60-233. 

Schmidt-Nielsen, K. 1990. Animal Physiology: Adaptation and 

Environment. 4th Edition. Cambridge University Press, 

Cambridge. 602 pp. 

Trueman, E. R. 1975. The Locomotion of Soft-Bodied Animals. 

American Elsevier, New York. 200 pp. 

Vernberg, F. J., and Vernberg, W. B. (Eds.): 1981. Functional 

Adaptations of Marine Organisms. Academic Press, New 

York. 347 pp. 

Vogel, S. 1988. Life’s Devices: The Physical World of Animals and 

Plants. Princeton University Press, Princeton, NJ. 384 pp. 

Vogel, S. 1996. Life in Moving Fluids: The Physical Biology of 

Flow. Princeton University Press, Princeton, NJ. 484 pp. 

Wainwright, S. A. 1988. Axis and Circumference: The Cylindri- 

cal Shape of Plants and Miimals. Harvard University Press, 

Cambridge, MA. 176 pp. 

Ecology 
Carefoot, T. 1977. Pacific Seashores: A Guide to Intertidal Ecol- 

ogy. University of Washington Press, Seattle. 208 pp. 

Crawford, C. S. 1981. Biology of Desert Invertebrates. Springer- 

Verlag, New York. 314 pp.; Clarendon Press, Oxford. 313 pp. 



References 9 

Daiber, F C. 1982. Animals of the Tidal Marsh. Van Nostrand 

Reinhold, New York. 432 pp. 

Eltringham, S. K. 1971. Life in Mud and Sand. Crane, Russak, 

New York. 218 pp. 

Gage, J. D., and Tyler, R A. 1991. Deep-Sea Biology: A Natural 

History of Organisms at the Deep-Sea Floor. Cambridge 

University Press, Cambridge. 504 pp. 

Halstead, B. W. 1988. Poisonous and Venomous Marine Animals of 

the World. 3rd Edition. Darwin Press, Princeton, NJ. 1168 pp. 

Hardy, A. C. 1956. The Open Sea. Houghton Mifflin, Boston. 

(Two volumes.) 

Harris, V. A. 1990. Sessile Animals of the Seashore. Chapman 

and Hall, London. 379 pp. 

Kerfoot, W. C. (Ed.): 1980. Evolution and Ecology of Zoo- 

plankton Communities. University Press of New England, 

Hanover, NH. 794 pp. 

MacGinitie, G. E., and MacGinitie, N. 1968. Natural History of 

Marine Animals. 2nd Edition. McGraw-Hill, New York. 

523 pp. 

Marshall, N. B. 1979. Deep Sea Biology. Garland STPM Press, 

New York. 566 pp. 

Newelf, R. C. 1979. Biology of Intertidal Animals. 3rd Edition. 

Marine Ecological Surveys, Faversham, Kent, U.K. 560 pp. 

Nicol, J. A. C. 1967. The Biology of Marine Animals. 2nd Edi- 

tion. Wiley-Interscience, New York. 699 pp. 

Schaller, F. 1968. Soil Animals. LTniversity of Michigan Press, 

Ann Arbor. 114 pp. 

Stephenson, T. A., and Stephenson, A. 1972. Life between Tide- 

marks on Rocky Shores. W. H. Freeman, San Francisco. 

425 pp. 

Thorp, J. H., and Covich, A. P. (Eds.): 1991. Ecology and Classi- 

fication of North American Freshwater Invertebrates. Aca- 

demic Press, New York. 911 pp. 

Thorp, J. H., and Covich, A. P. (Eds.): 2001. Ecology and Classi- 

fication of North American Freshwater Invertebrates. 2nd 

Edition. Academic Press, New York. 1056 pp. 

Yonge, C. M. 1949. The Seashore. Collins, London. 311 pp. 

Reproduction, Development, Larvae, and 
Metamorphosis 
Chia, F., and Rice, M. E. (Eds.): 1978. Settlement and Meta- 

morphosis of Marine Invertebrate Larvae. Elsevier North 

Holland, New York. 290 pp. 

Giese, A. C., and Pearse,J. S. 1974-1991. Reproduction of Marine 

Invertebrates. Academic Press, New York. (Six volumes.) 

Harrison, F. W., and Cowden, R. R. (Eds.): 1982. Developmental 

Biology of Freshwater Invertebrates. Alan R. Liss, New York. 

588 pp. 

Gilbert, S. F., and Raunio, A. M. 1997. Embryology. Constructing 

the organism. Sinauer, Sunderland, MA. 537 pp. 

Kume, M., and Dan, K. 1968. Invertebrate Embryology. Clear- 

inghouse for Federal Scientific and Technical Information, 

Springfield, VA. 605 pp. 

Young, C. M., Sewell, M. A., and Rice, M. E. (Eds.): 2001. Atlas 

of Marine Invertebrate Larvae. Academic Press, New York. 

630 pp. 

Cladistics and Evolution 
Ax, P 1996. Multicellular Animals. Vol. I. A New Approach to the 

Phylogenetic Order in Nature. Springer, Berlin. 225 pp. 

Ax, P. 2000. Multicellular Animals. Vol. II. The Phylogenetic 

System of the Metazoa. Springer, Berlin. 395 pp. 

Ax, P. 2001. Der System der Metazoa III. Ein Lehrbuch der Phy- 

logenetischen Systematik. Spektrum Akademischer Verlag, 

Heidelberg. 283 pp. 

Conway Morris, S., George, J. D., Gibson, R., et al (Eds.): 1985. 

The Origins and Relationships of Lower Invertebrates. Sys- 

tematic^ Association Spec. Vol. 28. Clarendon Press, Oxford. 

394 pp. 

House, M. R. (Ed.): 1979. The Origin of Major Invertebrate 

Groups. Systematics Association Spec. Vol. 12. Academic 

Press, London. 515 pp. 

Kitching, I. J. (Ed.): 1998. Cladistics: The Theory and Practice 

of Parsimony Analysis. 2nd Edition. Oxford University 

Press, Oxford. 240 pp. 

Nielsen, C. 2001. Animal Evolution: Interrelationships of the 

Living Phyla. Oxford University Press, Oxford. 563 pp. 

Wiens, J. J. (Ed.): 2000. Phylogenetic Analysis of Morphologi- 

cal Data. Smithsonian Institution Press, Washington, DC. 

272 pp. 

Paleontology 
Boardman, R. S., Cheetham, A. H., and Rowell, A. J. 1986. Fossil 

Invertebrates. Blackwell Scientific, Boston. 713 pp. 

Dyer, J. C., and Schram, F. R. 1983. A Manual of Invertebrate 

Paleontology. Stipes, Champaign, IL. 165 pp. 

Moore, R. C. (Ed.): 1953-1966. Treatise on Invertebrate Paleon- 

tology. Geological Society of America, University of Kansas 

Press, Lawrence, KS. (Eighteen volumes.) 

Field Guides 
Campbell, A. C. 1976. The Hamlyn Guide to the Seashore 

and Shallow Seas of Britain and Europe. Hamlyn, London. 

320 pp. 

Colin, P. L. 1978. Caribbean Reef Invertebrates and Plants. T. F. H., 

Neptune City, NJ. 478 pp. 

Fielding, A. 1998. Hawaiian Reefs and Tidepools. Booklines 

Hawaii, Mililani, HI. 103 pp. 

Fotheringham, N., and Brunenmeister, S. L. 1975. Common 

Marine Invertebrates of the Northwestern Gulf Coast. Gulf, 

Houston. 175 pp. 

Gosner, K. L. 1979. Peterson Field Guide Series: A Field 

Guide to the Atlantic Seashore. Houghton Mifflin, Boston. 

329 pp. 

Gunson, D. 1983. Collins Guide to the New Zealand Seashore. 

Collins, Auckland. 240 pp. 

Hayward, P. J., and Ryland,J. S. (Eds.): 1991. The Marine Fauna 

of the British Isles and North-West Europe. Vol. 1: Introduc- 

tion and Protozoans to Arthropods. Oxford University 

Press, Oxford. 688 pp. 

Hayward, P. J., and Ryland,J. S. (Eds.): 1991. The Marine Fauna 

of the British Isles and North-West Europe. Vol. 2: Molluscs 

to Chordates. Oxford University Press, Oxford. 386 pp. 

Hoover, J. P. 1999. Hawaii’s Sea Creatures: A Guide to 

Hawaii’s Marine Invertebrates. Mutual Publishers, Hon- 

olulu. 366 pp. 

Hurlbert, S. H., and Villalobos-Figueroa, A. (Eds.): 1982. 

Aquatic Biota of Mexico, Central America and the West 

Indies. Aquatic Biota-SDSU Foundation, San Diego State 

University, San Diego. 529 pp. 



10 Chapter 1 Introduction to Invertebrates 

Kaplan, E. H. 1982. Peterson Field Guide Series. A Field Guide 

to Coral Reefs of the Caribbean and Florida. Houghton 

Mifflin, Boston. 289 pp. 

Kerstitch, A. 1989. Sea of Cortez Marine Invertebrates. Sea Chal- 

lengers, Monterey, CA. 120 pp. 

Kozloff, E. N. 1983. Seashore Life of the Northern Pacific Coast: 

An Illustrated Guide to Northern California, Oregon, 

Washington and British Columbia. Revised Edition. Univer- 

sity of Washington Press, Seattle. 370 pp. 

Kozloff, E. N. 1988. Marine Invertebrates of the Pacific North- 

west. University of Washington Press, Seatde. 511 pp. 

Meinkoth, N. A. 1981. The Audubon Society Field Guide to 

North American Seashore Creatures. Alfred Knopf, New 

York. 799 pp. 

Morris, R. H., Abbott, D. R, and Haderlie, E. C. 1980. Intertidal 

Invertebrates of California. Stanford University Press, Palo 

Alto, CA. 690 pp. 

Morton, B., and Morton, J. 1983. The Sea Shore Ecology of Hong 

Kong. Hong Kong University Press, Hong Kong. 350 pp. 

Morton, J., and Miller, M. 1973. The New Zealand Sea Shore. 

2nd Edition. Collins, London. 653 pp. 

Newell, G. E., and Newell, R. C. 1973. Marine Plankton: A Prac- 

tical Guide. Hutchinson Educational, London. 244 pp. 

Peckarsky, B. L., Fraissinet, P. R., Penton, M. A., et al. 1990. Fresh- 

water Macroinvertebrates of Northeastern North America. 

Comstock, Ithaca, NY. 442 pp. 

Pennak, R. W. 1978. Fresh-Water Invertebrates of North Amer- 

ica. 2nd Edition. John Wiley and Sons, New York. 803 pp. 

Pennak, R. W. 1989. Freshwater Invertebrates of the United 

States. Protozoa to Molluscs. 3rd Edition. John Wiley and 

Sons, New York. 768 pp. 

Ruppert, E., and Fox, R. 1988. Seashore Animals of the South- 

east: A Guide to Common Shallow-Water Invertebrates 

of the Southeastern Atlantic Coast. University of South 

Carolina Press, Columbia. 429 pp. 

Smith, D. G. 2001. Pennak’s Freshwater Invertebrates of the 

United States: Porifera to Crustacea. 4th Edition. John 

Wiley and Sons, New York. 648 pp. 

Smith, D. L., and Johnson, K. B. 1996. A Guide to Marine Coastal 

Plankton and Marine Invertebrate Larvae. 2nd Edition. 

Kendall/Hunt, Dubuque, LA. 221 pp. 

Smith, R. I. (Ed.): 1964. Keys to Marine Invertebrates of the 

Woods Hole Region. Contribution No. 11. Systematics- 

Ecology Program, Marine Biology Laboratory, Woods Hole, 

MA. 208 pp. 

Sterrer, W. E. (Ed.): 1986. Marine Fauna and Flora of Bermuda. 

Wiley-Interscience, New York. 742 pp. 

Wickstead, J. H. 1965. An Introduction to the Study of Tropical 

Plankton. Hutchinson, London. 160 pp. 

Wrobel, D., and Mills, C. 1998. Pacific Coast Pelagic Inver- 

tebrates: A Guide to the Common Gelatinous Animals. Sea 

Challengers, Monterey, CA. 108 pp. 

INTERNET SITES 

General 
http://life.bio.sunysb.edu/mannebio/mbweb.html (State University of 

New York. Invertebrate images, references, career opportu- 

nities, and news regarding marine biology.) 

www-manne.stanford.edu/HMSiueb/careers.html (Marine biology links, 

careers, andjmore.) 

iuww.ucmp.berkeley.edu (University of California at Berkeley Mu- 

seum of Paleontology. Explore their invertebrate collec- 

tions and follow links to impressive images of living inverte- 

brates.) 

www.ucmp.bnkeley.edu/exhibit/phylogeny.html (Take the Web Lift 

to Taxa to discover the relationships that connect all orga- 

nisms.) 

www.nmnh.si.edu/departments/invnt.html (Smithsonian National 

Museum of Natural History. Good coverage of certain 

groups of invertebrates, such as squids and their relatives.) 

http://mbayaq.org (Monterey Bay Aquarium. The next best thing 

to being there. Explore their beach, rocky intertidal pool, 

open water, and kelp forest exhibits, several of which are 

three-dimensional and several that are interactive.) 

www.bioimages.org.uk/index.htm (Biolmages. A U.K. virtual field 

guide.) 

www.biosis.org/zrdocs/zoolinfo/gp_index.htm (BIOSIS Internet Re- 

source Guide for Zoology.) 

Lab Manual 
www.landn.edu/rsfox/310labindex.html (Lander University OnLine 

Invertebrate Lab. Illustrated anatomical descriptions of 

approximately 100 species in support of invertebrate teach- 

ing and research.) 

Professional Societies 
www.invertebrates.org (American Microscopical Society. Publishes 

the international journal Invntebrate Biology. The journal’s 

Web site links to other sites on invertebrates and opportuni- 

ties in the field for research, jobs, and education.) 

www.museum.unl.edu/asp (American Society of Parasitologists. 

Much useful information and many images at their Web 

site.) 

Cladistics 
tolweb.org/tree/phylogeny.html (Tree of Life. Provides a phyloge- 

netic classification of all taxa of living organisms based on 

molecular and morphological traits. Coverage is uneven 

and often outdated, but new information is being added 

constantly. Good source of contemporary references to 

invertebrate systematics.) 

www.nhm.ukans.edu/downloads/CompleatCladist.pdf (An online ver- 
sion of Wiley, E. O., Siegel-Causey, D., Brooks, D. R., and 

Funk, V. A. 1991. The Compleat Cladist: A Piimn of Phylogenetic 

Procedures. Special Publication No. 19. University of Kansas 

Museum of Natural History, Lawrence, KS.) 

www.giuu.edu/~clade/faculty/lipscomb/Cladistics.pdf (Diana Lip- 
scomb’s 1998 workbook, Basics of Cladistic Analysis 

[George Washington University, Washington, DC.]) 

erms.biol.soton.ac.uk (European Register of Marine Species.) 

www.nhm.ac.uk/hosted_sites/uksf (U.K. Systematics Forum. A data- 

base of taxonomists and the Web of Life.) 

animaldiversity.ummz.umich.edu/index.html (LTniversity of Michi- 
gan Museum of Zoology Animal Diversity Web.) 



Introduction 
to Protozoa 
EUKARYOTIC CELL STRUCTURE Cell Communication 
Cell Motility Symbiosis Between Cells 
Uptake by Cells 
Intracellular Digestion EVOLUTIONARY ORIGIN 
Circulation in Cells OF EUKARYOTIC CELLS 
Cell Secretions 

11 



12 Chapter 2 Introduction to Protozoa 

he unicellular eukaryotes—cells with a membrane- 

enclosed nucleus—are the atoms of the invertebrate world. 

Each cell is a complete organism adapted to meet the 

challenges of life, but some form colonies of cells, and from 

these evolved the world’s multicellular organisms (fungi, al- 

gae, plants, animals). The entire assemblage of unicellular 

eukaryotes is known as Protista, and a large subgroup of 

mostly motile forms is called protozoa. The protozoa and its 

taxa will be discussed in Chapter 3. The purposes of this 

chapter are to describe the structure, function, and evolution 

of the eukaryotic cell with an emphasis on animal cells. As 

eukaryotes, protozoans have the same cellular components 

found in the cells of animals, plants, and fungi, but as cell- 

organisms, protozoans have specialized these parts into the 

functional equivalents of tissues and organs. These uniquely 

protozoan organelles and other structures will be described in 

Chapter 3. This chapter discusses the basic tool kit of eukary- 

otic cells and how it evolved. 

EUKARYOTIC CELL STRUCTURE 
- ■ 

Eukaryotic cells contain organelles, functionally specialized, reg- 

ulated compartments surrounded by one or more membranes 

(Fig. 2-1). One organelle, the nucleus, contains the genome and 

is surrounded by a double membrane, thus segregating the 

genomic compartment from the metabolic machinery of the cell 

cytoplasm. Other organelles include mitochondria and chloro- 

plasts, both of which are enclosed in two membranes. Mitochon- 

dria contain DNA and the enzymes for aerobic respiration. 

Chloroplasts also have DNA and- are the sites for photosynthesis. 

Apart from the cell membrane itself, the cytoplasm of 

eukaryotic cells has an internal membrane system that 

includes the endoplasmic reticulum, Golgi bodies, and lyso- 

somes (Fig. 2-1). Arising from the outer nuclear membrane, 

the endoplasmic reticulum is a mazelike, tubular or lamellar 

network that functions in the synthesis of carbohydrates, 

lipids, and, when ribosomes are present, proteins. A Golgi 

body is a stack of flattened vesicles that receives products of 
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Interzonal 
microtubules 

FIGURE 2-2 Eukaryotic cell structure. Relationship of centrioles and mitotic spindle fibers (astral and 
interzonal microtubules) to flagellar basal bodies and cytoskeleton (corset microtubules). 

the endoplasmic reticulum, then modifies and releases them 

in vesicles for transport elsewhere, often to the surface of the 

cell. Lysosomes are Golgi-derived, membrane-bound vesicles 

that contain enzymes for intracellular digestion. 

Unlike prokaryotes (bacteria), which support themselves 

with a cell wall, the eukaryotic cell has a cytoskeleton of protein 

filaments of different types and diameters. The most common 

of these are actin filaments (6 nanometers [nm] in diameter, 

also called microfilaments) and microtubules (15 nm in diame- 

ter; Fig. 2-2). Microfilaments are polymers of monomeric actin 

and microtubules are cylindrical polymers of the protein 

tubulin. The cytoskeleton typically has the form of a three- 

dimensional network and is responsible for the maintenance of 

cell shape. Often, it is well developed just below the cell mem- 

brane, where it strengthens the cell surface. The cytoskeleton, 

however, is not always a static or permanent fixture, but rather 

can be dynamic and temporary. Because polymerization of the 

cytoskeleton is reversible, the filaments or tubules can be locally 

assembled or disassembled to provide scaffolding for special 

structures, such as the transient spindle apparatus associated 

with mitosis (Fig. 2-2) or the outgrowth of semipermanent cilia 

and flagella from the cell surface (Fig. 2-1, 2-5). 

The eukaryotic cytoskeleton is also essential for cell motility. 

As is true of other skeletons (see Chapter 4), the cytoskeleton 

can transmit force from one part of the cell to another, resulting 

in cell movement, or its filaments can serve as tracks along which 

vesicles and other structures are transported. In either case, the 

force for movement is generated by so-called motor molecules, 

such as myosin and dynein, which change shape in the presence 

of ATP. Typically, a motor molecule that is attached securely to 

one structure attaches temporarily to the cytoskeleton and 

flexes, moving the structure with respect to the skeleton 

(Fig. 2-5). The motor molecule then withdraws from its original 

attachment site, forms another attachment at a new position, 

and flexes once again. Repetition of this cycle is reminiscent 

of walking on a treadmill, and is referred to as treadmilling. 
Dynein, the motor molecule associated with microtubules, is 

important for the movement of cilia and flagella as well as for 

shuttling vesicles inside of the cell. Myosin binds to actin as well 

as to other structures and is responsible for ameboid movement 

(discussed later), streaming, and cyclosis (cytoplasmic circula- 

tion, also discussed later), cell division (cytokinesis), and muscle 

contraction in metazoans (Chapter 6). 

The organelles and cytoskeleton of the eukaryotic cell 

are surrounded by a fluid cytoplasm. Cytoplasm, in turn, is 

enclosed by the cell membrane, a phospholipid bilayer that 

separates the internal environment of the cell from the 

exterior (Fig. 2-3). In doing so, it regulates the biochemical 

conditions of the cell’s interior for the processes of life. The 

cell membrane controls what may enter and leave the cell, the 

responsiveness of the cell to external stimuli, the selectiveness 

with which the cell binds to other cells or to a substratum, and 

the maintenance of cell shape. The bilayered structure of the 

cell membrane results from the opposing phospholipids that 

compose it (Fig. 2-3). Proteins are also important membrane 

constituents and may span it or be attached to the inner or 

outer surfaces. The exposed outer surfaces of membrane 

proteins and lipids may have attached to them carbohydrates 

that radiate into the surrounding medium like tails. Together, 

these tails and especially their extracellular peripheral pro- 

teins form a surface coat, or glycocalyx, outside the cell. The 

glycocalyx is an important physiological barrier; it forms 

a template on which the exoskeleton is secreted and regulates 

binding to signal molecules and to surfaces, such as other 

cells. Membrane proteins may receive and transmit signals to 

the interior of the cell and serve as points of anchorage for 

cytoskeletal fibers. The cell membrane itself can also play 

a skeletal role. If the membrane lipids are largely unsaturated, 

like some vegetable oils used in cooking, the membrane is 

relatively fluid and flexible. If, on the other hand, the lipids 
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FIGURE 2-3 Eukaryotic cell structure. Diagrammatic ultrastructure of the cell membrane. The proteins 

and carbohydrate chains projecting from the exterior surface constitute the glycocalyx described in the text. 

are mostly saturated, like lard or peanut butter, the membrane 

is less fluid and stiffen Cholesterol, which is a common 

component of cell membranes, also stiffens the membrane. 

In contrast to prokaryotes, eukaryotic cells ingest food in 

a wide range of sizes, including cells as large as themselves, by 

a process known as endocytosis. Eukaryotic cells are also able 

to detect, orient, and move toward food or prey and are cap- 

able of intercellular signaling. These attributes are discussed 

further in the following sections. 

CELL MOTILITY 

Ameboid Movement 
Ameboid locomotion, a kind of cell crawling, not only typifies 

amebas and their relatives (see Chapter 3), but also occurs 

among certain cells of all animals (and fungi). These cells 

include embryonic mesenchyme cells, cells of the immune 

system, migrating cancer cells, and a variety of others. 

Direction of 

Actin filament 
assembly 

Rear contraction 

FIGURE 2-4 Cell motility: ameboid movement. The diagram embraces both rear-contraction and 

front-contraction hypotheses for cell movement. Myosin monomers are shown as cross-links between actin 

cytoskeletal filaments. 
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An ameba moves and captures food with flowing extensions 

of the cell, called pseudopodia, which protrude outward in 

the direction of travel (Fig. 2-4). Cytoplasm and cell organelles 

in the trailing part of the cell then flow forward into the 

pseudopodia, advancing the cell forward, and the cycle is 

repeated. The outflow of pseudopodia from the cell body 

involves a change of phase from solid to liquid and resembles 

melting ice. In fact, the outer cytoplasmic rind (ectoplasm) of 

an ameba is a stiff gel while the inner cytoplasm (endoplasm) 

is a fluid sol. A pseudopodium is formed at an ectoplasmic site 

where the gel liquefies and allows the outflow of fluid endo- 

plasm. As this pseudopodium advances, its surface cytoplasm 

changes from liquid to gel (except at the pseudopodial tip) 

and forms a semirigid tube through which the trailing 

cytoplasm and organelles flow. 

The liquid-gel (also known as sol-gel) phase transition of 

the cytoplasm is the result of assembly and disassembly of the 

actin cytoskeleton. Cytoskeleton disassembly, which converts 

gel into liquid cytoplasm, occurs at the trailing end of the 

advancing cell. The actin monomers at the rear then flow 

forward with the endoplasm and are used to assemble the new 

ectoplasmic sheath of the pseudopodium. 

The current model of ameboid movement is analogous to 

muscle contraction. It involves a dynamic interaction between 

cytoskeletal actin and the motor molecule myosin. The myosin 

of ameboid cells is monomeric and is not present as the 

thick polymeric filaments that typify animal muscles. But 

monomeric myosin still forms cross-links with actin and, in 

the presence of Ca2+ and ATP, causes contraction. Thus, it is 

nearly certain that the ectoplasm of an ameba is contractile and 

this contraction provides the force to move the cytoplasm for- 

ward during ameboid movement. It is still unclear, however, 

whether the contraction occurs primarily in the rear of the cell 

(rear-contraction hypothesis) or in the wall of the advancing 

pseudopodium (front-contraction hypothesis). Rear contrac- 

tion would force the endoplasm forward by compressing it. 

Front contraction would pull the cytoplasm forward by exerting 

tension, via the cytoskeleton, on the trailing part of the cell. 

Flagella and Cilia 
Flagella and cilia are characteristic of many protozoan and 

metazoan cells. In general, flagella are typically long and their 

motion is a whiplike undulation. Cilia, on the other hand, are 

short and their motion is stiff and oarlike. The distinctions are 

not sharp, however, and many variations are common, espe- 

cially in beat patterns. 

Flagella and cilia are structurally identical: Each shaft, 

whether long or short, consists of a microtubular core 

(axoneme) enclosed by the cell membrane (Fig. 2-5). The 

axoneme consists of nine outer doublet microtubules that 

encircle two central singlet microtubules, forming the typical 

9x2 + 2 pattern seen in cross sections. One microtubule of 

each doublet bears two rows of projections, or arms (contain- 

ing the motor molecule dynein), directed toward the adjacent 

doublet. 

Bending of the flagellum is caused by active sliding of 

adjacent doublets past each other. The dynein arms on the 

doublets provide the sliding force. In the presence of ATP, the 

dynein arms on one doublet attach to an adjacent doublet and 

FIGURE 2-5 Cell motility: flagelia and cilia. Ultrastructure of 

a flagellum or cilium as it occurs in a protozoan (Choanoflagellate), 

showing cytoskeletal anchoring microtubules and rootlet fibers. The 

exploded view shows the flagellar axoneme. Treadmilling is the cycle 

of attachment, flexion, and detachment of the dynein arms, causing 

one doublet to slide past its adjacent doublet. 

flex, causing the doublets to move past each other by a one 

flex increment. Successive attachments and flexes cause the 

doublets to treadmill smoothly past one another over a dis- 

tance sufficient to bend the flagellum. 

Each flagellar or ciliary axoneme arises from and is 

anchored to a basal body that lies immediately below the cell 

membrane (Fig. 2-1B, 2-2, 2-5). Basal bodies resemble an 

axoneme except that the outer nine microtubules are triplets 

and the central singlets are absent (9x3 + 0). Two micro- 

tubules of each triplet are continuous with an axonemal 

doublet. Dynein arms are absent on the basal-body triplets. 

A basal body (and its cilium or flagellum) is usually anchored 

in the cell, often to the nucleus and cell membrane, by one 

or more cytoskeletal root structures (Fig. 2-5). These may 

be sprays of microtubules, tapered striated rootlets, or both. 

Some proteinaceous rootlet fibers are contractile and can, on 

contraction, pull the flagellum into a shallow pocket or alter 

its orientation. When basal bodies are distributed to daughter 

cells during mitosis, they typically arrange themselves at each 

pole of the mitotic spindle and are then designated centrioles 
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A 

(Fig. 2-2). A region around basal bodies and centrioles called 

the microtubule organizing center (MTOC) controls the poly- 

merization of microtubules while the basal body is the tem- 

plate on which developing axonemes are organized. 

In most protozoan and metazoan cells, the flagellum propa- 

gates an undulatory wave from the cell to the flagellar tip that 

pushes the cell in the direction opposite the flagellum or drives 

water away from the flagellar end of a stationary cell (Fig. 2-6). 

(We will encounter some exceptions later, in Chapter 3.) As an 

undulatory wave moves along the flagellum, the advancing wave- 

front, like a wave approaching a beach, generates a longitudinal 

pushing force (Fig. 2-6B). In the meantime, the sideways undula- 

tions of a flagellum generate lateral forces. Because the lateral 

FIGURE 2-6 Cell motility: 
flagellar propulsion in a protozoan. 
A, base-to-tip wave propagation; 
B, forces generated by base-to-tip 
wave propagation. Lateral forces 
(outlined arrows) cancel each 
other. Longitudinal forces (solid 
arrows) combine to produce forward 

B \/ thrust. 

undulations are usually symmetrical, the left-directed forces 

cancel the right-directed forces, and only the longitudinal force 

remains to move the cell. 

Cilia are short, commonly numerous, densely arranged, 

and especially well represented in the ciliate protozoans 

such as Paramecium and related genera (Fig. 2-7A). During the 

effective stroke, the cilium is outstretched stiffly and moves 

in an oarlike fashion, perpendicular to the cell surface (Fig. 

2-7B). In the recovery stroke, the cilium flexes and snakes 

forward parallel to the cell surface. As the organism moves 

through the medium, the ciliary beat is coordinated over the 

surface of the cell. The cilia in any cross row are all in the 

same stage of the beat cycle, while those in front are in an ear- 

FIGURE 2-7 Cell motility: ciliary propulsion. A, Metachronal waves of cilia beating in a ciliated protozoan 
related to a Paramecium (left). Along the length of each row, adjacent cilia are in different phases of the beat 
cycle (right). B, The effective (outlined arrows) and recovery (solid arrows) strokes in the beat cycle of a single 
cilium. 

Basal body 

Ciliary rows 
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FIGURE 2-8 Endocytosis. A, micropinocytosis; B, macropinocytosis; 
C, phagocytosis. 

lier stage and those behind are in a later stage (Fig. 2-7A 

inset). This phase shift is seen as waves, called metachronal 

waves, that pass over the surface of the cell like wind passes in 

waves over a wheat field. 

UPTAKE BY CELLS 
Substances enter the cells of protozoans and other eukaryotes 

in a variety of ways. The protein channels of the cell membrane 

provide for the passive diffusion of water, ions, and small 

molecules, such as sugars and amino acids. Some function as 

energy-requiring pumps, actively transporting certain molecules 

or moving ions in or out against their concentration gradient. 

Some extracellular materials enter a cell in minute pits on 

the cell’s membrane that later pinch off internally—a process 

called endocytosis (Fig. 2-8). Micropinocytosis is a nonspe- 

cific form of endocytosis in which the rate of uptake is in sim- 

ple proportion to the external concentration of the material 

being absorbed (Fig. 2-8A). Water, ions, and small molecules 

may be taken in by micropinocytosis. Macropinocytosis brings 

in proteins and other raacromolecules at a rate greater than 

predicted by the concentration gradient. These substances 

may or may not bind to, and be concentrated on, specific 

membrane receptors before they are internalized in vesicles, 

which are coated with a protein called clathrin (Fig. 2-8B). 

Larger particles, such as bacteria and protozoans, are taken up 

in large vesicles (food vacuoles) by phagocytosis (Fig. 2-8C). 

Phagocytosis requires binding of a particle to membrane 

receptors and dynamic alteration of the ceil membrane involv- 

ing the actin cytoskeleton. 

FIGURE 2-9 Intracellular digestion in an ameba-like 
protozoan. 

INTRACELLULAR DIGESTION 
Once food enters the cell, lysosomes fuse with the endocytic 

vesicles or food vacuoles. Lysosomes are membrane-enclosed 

organelles that originate from Golgi bodies and contain acids 

and hydrolytic enzymes (Fig. 2-9). Release of those biomole- 

cules into the food vacuole initiates digestion. Eventually, the 

products of intracellular digestion diffuse across the vacuole 

membrane into the cytoplasm of the cell, where they may 

be used in metabolism or stored, after undergoing synthesis, 

in forms such as glycogen and lipids. Indigestible material is 

released from the cell to the exterior by fusion of the residual 

vacuole with the cell membrane in a process called exocytosis 

(Fig. 2-9). 

CIRCULATION IN CELLS 
Some protozoans have a definite cytoplasmic circulation. In 

general, circulatory systems are required when the supply 

of a substance by simple diffusion cannot keep pace with the 

metabolic demand for it. This limit is often reached as an 

organism becomes large, regardless of whether that results 
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FIGURE 2-10 Circulation in cells. Cyclosis in Paramecium. Food 
vacuoles and vesicles move at 2-3 (xm/s following the path indicated 
by the arrows. Stippled cytoplasm is noncirculating. Bulkheads, which do 
not exist, are drawn to provide three-dimensional perspective. (Modified 
and redrawn from Sikora,J. Cytoplasmic steaming in Paramecium. 

Protoplasma 109:57; Hausmann, K., and Hiilsmann, N. 1996. Protozoolgy. 
Georg. Thieme, New York. 338 pp.) 

from developmental growth or evolutionary increase in body 

size. Protozoans with a cytoplasmic circulation are often large 

cells, such as some ciliates, or cells with long extensions 

(pseudopodia), such as forams. Directional transport within 

a pseudopodium or cell is referred to as streaming, or shut- 

tling if in reference to the movement of vesicles along a 

cytoskeletal track. If flow is in a circuit, as in Paramecium, it is 

called cyclosis (Fig. 2-10). For additional discussion of circula- 

tory systems, see Chapters 4 and 9. 

CELL SECRETIONS 
Many cells synthesize macromolecules, especially proteins and 

glycoproteins, that are exported to the outer surface of the 

cell. Synthesis typically involves the endoplasmic reticulum and 

Golgi bodies, the latter forming the vesicles that transport 

the secretory product to the cell membrane. Here, during 

exocytosis, the membrane of the vesicle fuses with the 

cell membrane and the product is expelled to the exterior 

(Fig. 2-9, 2-11). Many cell secretions, such as extracellular 

enzymes and pheromones, are exported away from the cell 

that produces them. One of the most widespread animal 

secretions, mucus, is a mucopolysaccharide with a large car- 

bohydrate and a smaller protein component. Animals utilize 

mucus in a variety of ways: as an adhesive, a protective cover, 

and a lubricant. 

Some cell secretions remain associated with the external 

surface of the cell membrane to form extracellular skeletal 

materials (Fig. 2-11), of which chitin is a good example. 

Chitin is a cellulose-like polysaccharide that is laid down as 

an exoskeleton around the bodies of some protozoans (for 

example, the protective retreat of the marine ciliate Folli- 

culina, cysts of amebas) as well as metazoans (such as an 

Examples: 
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StS04 

Protein 
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FIGURE 2-11 Cell secretions. Secretion of extracellular skeletal materials involves the nucleus (coding and 
transcription), ribosomes (black dots on endoplasmic reticulum; translation, protein synthesis), endoplasmic 
reticulum (addition of components), Golgi body (addition of components, packaging in vesicles for release 
at surface), and, following exocytosis, self-assembly of the exoskeleton. A, organic secretions; B, mineral 
secretions. 
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insect exoskeleton). Chitin and its associated proteins are 

exocytosed at the surface of the cell, where they assemble 

into the exoskeleton. 

CELL COMMUNICATION 
Protozoans respond to chemical and physical cues in ways 

that enable them to avoid adverse conditions, locate food, and 

find mates. In this sense, each protozoan cell must be both 

receptor and effector. In their receptiveness to environmen- 

tal stimuli, protozoans resemble the sensory nerve cells of 

animals. 

Like animal sensory receptor cells, protozoans often 

receive external stimuli as signal substances that bind to spe- 

cific membrane molecules. Binding can cause a specific ion 

channel to open, allowing ions (often Na+ and K+) to flow 

down their concentration gradients (Na+ in, K+ out). Because 

the resting cell membrane is polarized with respect to the dis- 

tribution of these ions, the opening of the ion channels depo- 

larizes the membrane. (Depolarization can be measured as 

a change in electrical potential, or voltage, using electrodes 

and a voltmeter.) When the membrane is depolarized, Ca2+ 

channels open and calcium ions enter the cell. The entering 

calcium triggers other changes, such as a reversal in the ciliary 

beat, which causes the cell to withdraw from the disturbance. 

Paramecium, for example, has at least nine different ion chan- 

nels, some of which are localized at the front and others at the 

rear of the cell. Such localized receptor fields differentiate 

“head” from “tail” and are thus analogous to the localization 

of receptor cells and organs in many metazoans. Intercellular 

chemical signaling (pheromones) in protozoans, in fact, often 

involves signal molecules, such as serotonin, (3-endorphin, 

acetylcholine, and cyclic-AMP, which in animals function as 

neurotransmitters and internal messengers. 

SYMBIOSIS BETWEEN CELLS 
Animal-like eukaryotic cells (heterotrophs) often establish 

an endosymbiotic relationship with photosynthetic cells (au- 

totrophs) to the benefit of both partners. The photosyn- 

thetic partner may be either a eukaryote or a prokaryotic 

cyanobacterium. When the photosynthetic symbionts are 

green unicellular algae or diatoms, they are referred to as 

zoochlorellae (both os in zoo- are pronounced), but the most 

commonly occurring symbionts are yellow or brown and are 

known as zooxanthellae (Fig. 7-11). These zooxanthellae are 

a nonmotile stage of flagellated protozoans called dinofla- 

gellates, which will be described in Chapter 3. The photo- 

synthetic member of the partnership is generally located 

intracellularly within a vesicle in the host cytoplasm, although 

in a few metazoans, it is found between cells. 

This symbiosis has its evolutionary origin in the phagocy- 

tosis of photosynthetic cells by heterotrophic cells. Delayed 

digestion by the larger cell may have resulted in the captured 

cells continuing to live and photosynthesize. Use of any excess 

photosynthate by the larger partner would have created a posi- 

tive selective pressure for it to maintain the autotroph alive 

within its cytoplasmic vesicle. This symbiosis evolved numer- 

ous times, considering the different sorts of autotrophs and 

their symbiotic partners. 

The benefits of this symbiosis are probably similar wherever 

it occurs. The autotroph provides excess organic carbon from 

photosynthesis to the larger partner, which in return provides 

certain nutrients, such as C02, nitrogen, and phosphorus, 

as well as protection, to the autotroph. Rarely does the proto- 

zoan or metazoan rely entirely on its autotrophs for nutrition; 

typically, the benefits of symbiosis supplement heterotrophic 

nutrition to varying degrees. 

EVOLUTIONARY ORIGIN 
OF EUKARYOTIC CELLS 
(INCLUDING PROTOZOA)  

Our best hypothesis is that life began on an anoxic Earth some 

3 billion years ago with the evolution of prokaryotic cells. Each 

of these tiny bacterium-like cells was enclosed in a membrane, 

but lacked internal membranes (organelles). In the absence of 

organelles, compartmentalization resulted from functional 

aggregations of biomolecules. Their food (energy for mainte- 

nance and reproduction) consisted of simple organic molecules 

that entered the cell and were distributed throughout by simple 

diffusion. In the absence of 02, their central metabolic pathway 

was anaerobic (glycolysis), which resulted in limited ATP produc- 

tion and release of the energy-rich waste products, such as 

ethanol and lactic acid. As the competition for a limited supply 

of organic molecules intensified, some taxa evolved photosynthe- 

sis and were able to use sunlight energy to synthesize food from 

atmospheric C02 and N2. The appearance of photosynthesis pro- 

vided a new and renewable supply of organic molecules. The 

first photosynthetic microbes probably obtained the electrons to 

reduce C02 to carbohydrate from H2S, the waste byproduct 

being elemental sulfur (S). Later, in taxa such as Cyanobacteria 

(blue-green bacteria), electrons were obtained from H20, result- 

ing in the release and accumulation of 02 in the atmosphere 

(Fig. 2-12). This newly available atmospheric 02 set the stage for 

the evolutionary adoption of aerobic respiration, which enabled 

the complete breakdown of food for maximal ATP production 

and the release of the waste products C02 and HsO. 

Eukaryotic cells evolved about 1.5 billion years ago, nearly 

2 billion years after the first prokaryotes and 1 billion years 

before the first animals. How did eukaryotic cells evolve from 

an ancestral prokaryote? As already noted, the small cells of 

prokaryotes lack internal membranes, except for the photosyn- 

thetic membranes of cyanobacteria and a fingerlike invagina- 

tion of the cell membrane called a mesosome, to which the 

DNA is attached (Fig. 2-1A). In general, the cells of eukaryotes 

are 10 times larger than those of prokaryotes and may have 

required another level of compartmentalization to operate 

effectively. That new level, beyond the organized cytoplasm, was 

the organelle. What was the evolutionary origin of these or- 

ganelles? Some seem to have evolved by modification of 

preexisting prokaryotic structures and others from entire 

prokaryotic cells that were engulfed by another cell and became 

permanent residents. The establishment of one cell inside of 

another, for their mutual benefit, is called an endosymbiosis 

(Fig. 2-13). A possible scenario for the endosymbiotic origin of 

eukaryotic organelles follows. 

As oxygen was liberated by photosynthesis on the early 

Earth, the anaerobic prokaryotes presumably were faced with 
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FIGURE 2-12 Evolution of life in relation to Earth history and oxygen availability. Note the billion-year 

lag between the first oxygen-producing photosynthetic cyanobacteria and the rise of atmospheric oxygen. 

Geological deposits of massive amounts of iron oxide suggest that the first free molecules of oxygen combined 

with ferrous ions in the sea until these ions were depleted, presumably requiring a billion years. (Modified and 

redrawn from Alberts, B., Bray, D., Lewis. J., Raff, M., and Watson,]. D. 2002. Molecular Biology of the Cell. Garland 

Publishing, Neiu York. 1616 pp.) 
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FIGURE 2-13 Evolution of eukaryotic cells. A scenario for the evolution of a eukaryotic cell from 

a prokaryotic cell. A, A hypothetical ancestral prokaryote. B, Increase in cell size and the origin of internal 

membranes. The nuclear membrane and endomembrane system may have evolved from a series of mesosome- 

like invaginations of the cell membrane. The endomembrane system of eukaryotes increases the surface area 

on which proteins are synthesized (ribosomes). C, Origin of cytoskeleton (actin, microtubules) and motor 

molecules, allowing flagellar (ciliary) and ameboid motion, as well as endocytosis. Acquisition of 

mitochondrion by phagocytosis of a prokaryotic aerobe and chloroplast by phagocytosis of a photosynthetic 

prokaryote. D, A eukaryotic cell. 
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a challenge: Adapt to the presence of 02 or face extinction. 

Undoubtedly, some found anoxic refuges, perhaps deep 

within waterlogged sediments, while others, through variation 

and natural selection, evolved aerobic respiration and took 

advantage of the newly available 02. At this point, the compe- 

tition between aerobes and anaerobes may have been intense, 

with the advantage going to the aerobes as 02 levels rose. 

Perhaps during this time, some anaerobic cell with the capacity 

for phagocytosis engulfed an aerobic prokaryote that was 

not digested, but rather was permanently sequestered as an 

endosymbiont. The host cell retained its cytoplasmic anaero- 

bic pathway (glycolysis), providing the end products (lactate, 

pyruvate) to the symbiont as food. Using aerobic respiration, 

the symbiont then converted that food-energy into ATP, 

which was shared with the host* eventually releasing C02 and 

H20 as waste products. The aerobic endosymbiont, of course, 

eventually became the mitochondrion (Fig. 2-13). Phagocyto- 

sis of a photosynthetic prokaryote, followed by the evolution of 

a mutualism, probably established the chloroplast. 

The evidence for these hypotheses stems from several 

sources. One is that both mitochondria and chloroplasts are 

enclo^bd by two membranes. If the endosymbiotic hypothesis is 

correct, then the outer membrane should represent the mem- 

brane of the original phagocytic vesicle while the inner mem- 

brane should correspond to the original cell membrane of the 

prokaryote. In support of the hypothesis, the biochemistry of 

the outer membrane of mitochondria and chloroplasts resem- 

bles that of a eukaryotic cell membrane whereas the inner 

is similar to a prokaryotic cell membrane. Pharmaceutical evi- 

dence provides further support, as both mitochondria and 

chloroplasts are susceptible to antibacterial antibiotics. Mito- 

chondria and chloroplasts also have DNA and ribosomes that 

are similar to those of prokaryotes. Further support is provided 

by Pelomyxa palustris, a large ameba that lacks mitochondria but 

has aerobic endosymbiotic bacteria that carry out oxidative 

metabolism. Although Pelomyxa is not the actual intermediate 

between the ancestral, mitochondria-free eukaryote and its 

descendants with typical mitochondria—it’s an example of an 

evolutionary parallelism—it nevertheless indicates the plausi- 

bility of the endosymbiotic scenario. 

Similar to mitochondria, the eukaryotic cell nucleus also 

is surrounded by a double membrane, but this does not 

seem to indicate an endosymbiotic origin for the nucleus. 

Instead, both nuclear membranes resemble a eukaryotic cell 

membrane. Perhaps the evolutionary origin of the nuclear 

membranes was by modification of one or more mesosome- 

like infoldings of the ancestral cell’s surface (Fig. 2-13). If 

so, the blind ends of these infoldings may have expanded 

around the centrally located DNA, forming the nuclear 

envelope, while the infoldings themselves became a rudi- 

mentary endomembrane system from which the endoplas- 

mic reticulum, Golgi bodies, and other structures eventually 

differentiated. 

At present, a model for the evolution of eukaryotic cells is 

incomplete. Few plausible hypotheses, for example, have been 

formulated for the origin of the cytoskeleton and related 

structures. It is generally assumed, however, that the evolution 

of the microtubular mitotic spindle, including its centrioles, is 

closely linked with the origin of cilia and flagella, which use 

centrioles as basal bodies. 
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ormerly known as infusoria or animalcules, protozoans 

are motile, eukaryotic, unicellular organisms. United by the 

common possession of motility, an attribute that undoubtedly 

evolved independendy in many groups, protozoa is a poly- 

phyletic taxon with an unclear boundary. Historically, protozoa 

included nearly every group of what we now consider Protista— 

funguslike, animal-like, plantlike, and other unicellular 

eukaryotes. The name protozoa means “first animals,” and it was 

natural for early biologists to seek the ancestor of Metazoa 

(animals) from among the free-moving protists. But it has now 

been established that only one protozoan taxon, the collared 

flagellates (Choanoflagellata), is the sister taxon of Metazoa 

and truly qualifies as the “first animal.” The remaining proto- 

zoan taxa are either unique groups with no significant multi- 

cellular descendants or they are related closely to plants or 

fungi. Remarkably, one protozoan taxon, Myxozoa (formerly 

Myxosporidia), is actually a group of animals related to cnidari- 

ans (anemones and jellyfishes). Thus protozoa is the name for 

a grade within a scheme of organization, a loose confederation 

of eukaryotic taxa, rather than for a monophyletic taxon. 

Protists exhibit astounding diversity and play a significant 

ecological role. The nearly 215,000 described species equal in 

number the vascular plants and are 10 times more plentiful than 

the number of bacterial and viral species combined. Of the total 

number of protist species, slightly less than half (around 92,000) 

are protozoans, one-quarter of which live as symbionts of other 

organisms. Protozoan parasites, for example, have an enormous 

impact on humans: Millions of people die yearly from malaria 

and other parasitic protozoans, and protozoans that sicken and 

kill livestock, poultry, fish, and wildlife cost economies several 

hundred million dollars annually. But the other face of proto- 

zoan ecology is beneficial. The mutualism between photosyn- 

thetic protozoans and corals underlies the coral-reef ecosystem, 

one of the most diverse on earth. Myriads occupy aquatic 

environments and soils and play essential roles in food chains, 

including the control of bacterial populations and the recycling 

of nutrients. The protists as a whole, including the photosyn- 

thetic protozoa, account for 40% of global primary productivity. 

The great diversity of protozoa necessarily restricts cover- 

age in this chapter to the most common and significant fresh- 

water, marine, and parasitic taxa. Omitted are many “algal” 

taxa that other biologists consider to be protozoans. This 

chapter’s goals are to provide an overview of protozoan diver- 

sity, to examine the functional adaptations of cells as organ- 

isms, and to identify living examples of how cell-organisms 

might have evolved into those multicellular creatures we call 

animals. One of the best models to illustrate that evolutionary 

transition is Volvox and its relatives. Although the multicellular 

Volvox is clearly a green alga related to land plants and thus 

provides only a parallel example for the evolution of multicel- 

lularity, it is included in this chapter because of its easy avail- 

ability for study. 

FORM AND FUNCTION  
The body of most protozoans consists of a single cell, although 

many species form colonies. Cell size ranges from approxi- 

mately 10 jxm, as in choanoflagellates, to several centimeters 

in some dinoflagellates, forams, and amebas. 

The protozoan body is usually enclosed only by the cell 

membrane. The rigidity or flexibility of the body and its shape 

are largely determined by the cytoskeleton, which typically is 

located just below the cell membrane. The cytoskeleton and 

cell membrane together form the pellicle, a sort of protozoan 

“body wall.” The cytoskeleton often is composed of protein fila- 

ments (actin, for example), microtubules, vesicles (such as alve- 

oli), or combinations of all three. The protein filaments may 

form a dense mesh in the outermost cytoplasm (Fig. 3-1A) as in, 

for example, Euglena. More conspicuous cytoskeletal structures 

are pellicular microtubules that occur in flagellates, apicom- 

plexans, and ciliates. They can be arranged as a microtubular 

corset (Fig. 3-1B) or, as in some flagellates, the microtubules 

can originate on the flagellar basal bodies and radiate rear- 

ward to the opposite extremity of the cell as a sort of axial skele- 

ton (axostyle; Fig. 3-1C). Such microtubules resemble the 

D Axopod microtubules 

C Microtubular axial 
skeleton of flagellates 

(axostyle) 

F Alveoli with 
plates of cellulose 

FIGURE 3-1 Protozoa: Cytoskeletons of actin 
microfilaments, microtubules, and alveoli. Examples: 
A, amebas, euglenoids; B, euglenoids; C, axostylates; 
D, heliozoans; E, ciliates, apicomplexans; 
F, dinoflagellates. 
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microtubules of a mitotic spindle, which radiate from centrioles 

and form the mitotic apparatus (Fig. 2-2). In other protozoa, 

such as the spherical radiolarians and heliozoans, bundles of 

microtubules radiate from a centroplast (an MTOC) at the 

cell’s center and then extend into and support a raylike pro- 

jection of the cell’s surface (axopod; Fig. 3-ID). The centroplast 

and its microtubules resemble the starlike asters that form 

around centrioles at the poles of the mitotic spindle. 

Vesicles, known as alveoli, occur immediately below the cell 

membrane in many protozoans, such as clinoflagellates, 

apicomplexans, and ciliates (together forming the Alveolata). 

“Empty” alveoli, like those that occur in ciliates, may be turgid 

and help to support the cell, but they also store Ca2+, which 

can be released to trigger cellular responses (Fig. 3-1E). 

In some dinoflagellates, plates of cellulose secreted into the 

alveolar vesicles form a rigid endoskeleton (Fig. 3-1F). 

Protozoan skeletons, like those of metazoans, can also be 

endo- or exoskeletons. A skeleton that forms a more or less 

complete covering, whether internal or external, is called 

a test (or a lorica, theca, or shell). 

The protozoan locomotor organelles may be flagella, cilia, 

or flowing extensions of the cell known as pseudopodia 

(described in Chapter 2). The undulatory waves of flagella 

pass from base to tip and drive the organism in the oppo- 

site direction (Fig. 2-6). The flagella of many protozoans 

bear fine lateral “hairs” called mastigonemes (Fig. 3-2). The 

mastigonemes cause the flagellum to pull rather than push 

as the flagellar waves pass from base to tip. Flagellar, ciliary, 

and pseudopodial specializations characterize many of the 

protozoan taxa. 

All types of nutrition occur in protozoa. Some protozoa 

rely on photosynthesis, others absorb dissolved organic mater- 

ial from the environment, and many digest food particles or 

prey intracellularly in food vacuoles. Food enters the vacuole 

by phagocytosis, often at a definite cell mouth, or cytostome. 

The vacuole then may be shuttled to the interior along a spe- 

cialized microtubular tract called a cytopharynx. Macromole- 

cules enter by micro- and macropinocytosis, which may occur 

FIGURE 3-2 Protozoa: Flagellar mastigonemes. Phytoflagellate 

with one short smooth flagellum and one long flagellum bearing 

mastigonemes. 

over the entire surface of the cell. Intracellular digestion has 

been most studied in amebas and ciliates, and, for the most 

part, it follows the general pattern described in Chapter 2. 

Digestive specializations of ciliates will be described later in 

this chapter. 

Diffusion is important for internal transport in all proto- 

zoans and may be the sole mechanism in small cells. Some 

large protozoans and those with long pseudopodia have active 

mechanisms of internal transport. The inner, fluid cytoplasm 

of Paramecium circulates, via cyclosis, in a closed loop 

(Fig. 2-10). In forams and actinopods, bidirectional shuttling 

of vesicles occurs on tracks of microtubules in the axis of each 

slender pseudopodium. 

Most protozoans are aerobes that rely on diffusion for the 

uptake of oxygen and release of COs. A few protozoans, 

however, are obligate anaerobes, especially those that live as 

symbionts in the digestive tract of animals. Aquatic species 

associated with decomposing organic matter may be faculta- 

tive anaerobes, using oxygen when it is present but also 

capable of anaerobic respiration. In general, the changing 

availability of food and oxygen associated with decomposition 

results in a successional sequence of protozoan species. 

Because of their short generation time, protozoan community 

structure changes rapidly with environmental change and can 

be used to monitor aquatic systems for pollution. 

Many freshwater protozoa osmoregulate to remove excess 

water (volume regulation) and to adjust the concentration 

and proportions of their internal ions (ionic regulation). 

Excess water enters by osmosis when the internal osmotic 

concentration exceeds that of the surrounding water. Addi- 

tional water may enter with food in vacuoles and pinocytotic 

vesicles. For example, an ameba fed on a protein solution 

imbibes, by macropinocytosis, a quantity of water equivalent to 

one-third of its body volume. 

Osmoregulation is accomplished by active ion transport at 

the cell membrane and by a system of water- and ion-pumping 

organelles called the contractile vacuole complex (Fig. 3-3). 

The complex is composed of a large spherical vesicle — the 

contractile vacuole proper—and, surrounding it, an array of 

cytoplasmic vesicles or tubules termed the spongiome. The 

spongiome collects fluid from the cytoplasm and conducts it 

to the contractile vacuole. The contractile vacuole then con- 

tracts and discharges the fluid to the outside of the organism 

through a temporary or permanent pore. The rate of 

discharge depends on the osmotic concentration of the exter- 

nal medium. Paramecium caudatum, which lives in fresh water, 

can complete a cycle of vacuole filling and discharge as rapidly 

as every 6 s and expel a volume equivalent to its entire body 

every 15 min. The basis for contraction may differ among 

groups of protozoans. In dinoflagellates, a flagellar rootlet 

branches to form a contractile sheath around the vacuole. In 

Paramecium, microtubules provide a scaffold around the vac- 

uole (Fig. 3-3), but actin and myosin or elastic energy stored 

in the stretched vacuolar membrane may be responsible for 

contraction. 

Freshwater protozoans excrete a hypotonic urine. Although 

the mechanism of contractile vacuole function is not fully 

understood, it is likely that ions are pumped from the 

cytoplasm into the spongiome tubules, establishing an osmotic 

gradient. Cytoplasmic water enters the tubules down the 
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FIGURE 3-3 Protozoa: Diagram of four types of contractile vacuoles. Types A and B are from ciliates, in which the 
spongiome is composed of irregular, fluid-filled tubules. Actin filaments (not shown) wind around the pore and 
extend over the vacuole surface. A, The network of spongiome tubules empties directly into the vacuole. B, The 
network of irregular tubules first empties into ampullae, which dilate and then contract, discharging fluid into the 
vacuole, as occurs in Paramecium. C, Typical of flagellates and small amebas, the spongiome contains small vesicles 
and tubules. D, Arrangement found in large amebas. (After Patterson, D.J. 1980. Contractile vacuoles and associated 
structures; their organization and function. Biol. Rev. 55:1-46. © Copyright Cambridge University Press, reprinted by permission.) 

osmotic gradient. As water and ions flow along the tubules, 

ions and perhaps other substances are selectively reabsorbed 

before the urine is discharged to the exterior. The contractile 

vacuole system is of no particular significance in removing 

metabolic wastes, such as ammonia and C02, as these simply 

diffuse to the outside of the organism. 

REPRODUCTION AND LIFE CYCLES 
Clonal (asexual) reproduction by mitosis occurs in most 

protozoa and is the only known mode of reproduction in some 

species. Division of the parent into two or more daughter cells is 

called fission. When this process results in two similar progeny 

cells, it is termed binary fission; when one progeny cell is much 

smaller than the other, the process is called budding. Division of 

the parent into more than two daughter cells is known as 

multiple fission. Schizogony is a specialized form of multiple 

fission in which repeated divisions of the nucleus precede the 

cell divisions. With few exceptions, clonal reproduction involves 

some replication of organelles before or after fission. 

The mitotic division of the protozoan cell nucleus differs, 

in most cases, from that of an animal cell. In animal cells 

undergoing mitosis, the nuclear membrane disintegrates 

during mitosis as the chromosomes condense and attach to the 

mitotic spindle, located in the cytoplasm of the cell. Because the 

nuclear membrane breaks down, this form of mitosis is said to 

have an open spindle. Later in mitosis, after the chromosomes 

have separated, a new nuclear membrane is assembled around 

each nucleus. Among most of the protozoans described in this 

chapter, however, the nuclear membrane does not break down 

during mitosis and the spindle forms within the nucleus itself. As 

the chromosomes separate, the intact nucleus stretches and then 

constricts, pinching off two new nuclei. Protozoans with this 

arrangement have a closed spindle. The closed spindle is 

regarded as the primitive form of mitosis in eukaryotic cells. 

Intermediates between closed and open spindles occur in chloro- 

phytes (Chlamydomonas, Volvox) and apicomplexans. In these taxa, 

the nuclear membrane remains largely intact, but breaks occur 

that allow cytoplasmic spindle microtubules to enter the nucleus 

and attach to the chromosomes. 

Sexual reproduction is widespread but not universal in proto- 

zoans, and life cycles are diverse. Many well-studied protozoans 

lack sexual reproduction entirely. In some species this absence 

may be primitive, whereas in others it may be a secondary loss. 

The primitive protozoan life cycle may have been sex free: a hap- 

loid (N) individual reproduced solely by fission, as in the living 

kinetoplastids (Fig. 3-4A). 

The three general forms of sexual life cycles in pro- 

tozoans are haploid dominance, diploid dominance, and 

haploid-diploid codominance. A haploid-dominant life cycle 
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FIGURE 3-4 Protozoa: Life cycles. N = haploid, 
2N = diploid. A, Haploid asexual life cycle: New 
individuals arise directly by fission (mitosis), as 
illustrated by the kinetoplastids. B, Haploid- 
dominant life cycle: Two N individuals mitotically 
produce isogametes, which fuse to form a diploid 
zygote. The zygote then undergoes meiosis to 
form haploid individuals. Examples include the 
Volvocida, many dinoflagellates, axostylates, and 
apicomplexans (sporozoans). C, Diploid-dominant 
life cycle: 2N individuals meiotically produce 
N gametes, which fuse to restore a 2N individual, 
as happens in some axostylates, heliozoans, many 
green algae, diatoms, and ciliates (and multi- 
cellular animals). Ciliates, however, do not form 
gametes, but exchange haploid nuclei, which 
fuse. D, Haploid-diploid codominant life cycle: 
2N individuals meiotically produce N spores that 
develop into N individuals that mitotically form 
N gametes that fuse to restore the 2N individuals; 
includes many forams, and many algae (and 
multicellular green plants). 

includes haploid individuals that either transform into 

gametes or produce them by mitosis. Fusion of the haploid 

gametes results in a diploid zygote that soon undergoes 

meiosis to form four new haploid individuals (Fig. 3-4B). 

The haploid-dominant life cycle typifies apicomplexans. In 

a diploid-dominant life cycle, the 2N individuals undergo 

meiosis to produce N gametes (or gamete nuclei), which 

fuse into a 2N zygote individual (Fig. 3-4C). This type of life 

cycle occurs, for example, in ciliates (and animals). In the 

haploid-diploid codominant life cycle, an asexual gene- 

ration (N or 2N) alternates with a sexual generation (2N 

or N; Fig. 3-4D). This pattern is characteristic of forams (and 

plants). 

Encystment is characteristic of the life cycle of many 

protozoa, including the majority of freshwater species. 

In forming a cyst, the protozoan secretes a thickened enve- 

lope about itself and becomes inactive. Depending on 

the species, the protective cyst is resistant to desiccation 

or low temperatures and encystment enables the cell to 

pass through unfavorable environmental conditions. The 

simplest life cycle includes only two phases: an active phase 

and a protective, encysted phase. However, the more 

complex life cycles are often characterized by encysted 

zygotes or by formation of special reproductive cysts in 

which fission, gametogenesis, or other reproductive pro- 

cesses take place. 
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Protozoa may be dispersed over long distances in either the 

active or encysted stages. Water currents, wind, and mud and 

debris on the bodies of waterbirds and other animals are 

common means of dispersal. 

DIVERSITY OF PROTOZOA  

EU GLEN OZOAp 

Eugienoideac 

The euglenoid species of Peranema and Euglena are among the 

most familiar of all flagellates. ^Tie body is elongate with an 

invagination, the reservoir, at the anterior end (Fig. 3-5). The 

cytostome lies at the base of the reservoir and joins a cytophar- 

ynx. A contractile vacuole discharges into the reservoir in 

freshwater species, and two flagella, each bearing a row of 

mastigonemes, arise from the reservoir wall. 

In Euglena, one flagellum is very short and terminates 

at the base of the long flagellum (Fig. 3-5A). A pigmented 

eyespot, or stigma, shades a photosensitive bulge, the parafla- 

gellar body, at the base of the long flagellum. In the colorless 

heterotroph Peranema, both flagella are long, but one trails 

backward and can be used to catch food or temporarily attach 

to something (Fig. 3-5B). The long locomotory flagellum is 

thickened, up to five times the normal flagellar diameter, and 

stiffened along most of its length by a paraxial rod located 

to one side of the axoneme (Fig. 3-5B,C). Only the mobile 

terminal end of the flagellum lacks the rod. 

Seen in cross section, the euglenoid pellicle is thrown into 

rounded ridges alternating with narrow grooves, which 

together wind helically around the cell. The ectoplasm has 

a dense skeletal mesh of fibrous proteins. Pellicular micro- 

tubules situated below this mesh may be responsible for the 

peristaltic movements of the cell known as euglenoid move- 

ment (or metaboly). 

Approximately two-thirds of the 1000 species of the marine 

and freshwater Euglenoidea are colorless heterotrophs and 
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FIGURE 3-5 Euglenozoa: Euglenoidea. A, Structure of the photosynthetic Euglena gracilis. B, The colorless 

heterotroph Peranema swallowing a Euglena. C, Cross section of leading flagellum of Peranema showing 

paraxial rod. (A, From Leedale, G. F., 1967, Euglenoid Flagellates. Prentice-Hall, Inc. Englewood Cliffs, N.J.; B, Modified 

after Chen) 
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one-third are green photoautotrophs, such as the species 

Euglena. The chloroplasts of photosynthetic species contain 

chlorophylls a and b. Photosynthetic euglenoids rotate around 

their longitudinal axis as they swim toward light. As long as 

they maintain this orientation, the photosensitive paraflagellar 

body receives constant illumination. But if they deviate from 

their head-on approach to a light source, the rotating eye- 

spot periodically shades the paraflagellar body and elicits a 

course correction. The heterotrophic mode of nuUition is 

primitive in euglenoids. Chloroplasts were acquired secondar- 

ily within the taxon and independently of other photosynthetic 

flagellates. 

The green, photosynthetic species such as Euglena store 

food energy as a unique starchlike carbohydrate called 

paramylon. Paramylon is synthesized in a specialized region, 

the pyrenoid, of the chloroplast, but stored as free granules in 

the cytoplasm (Fig. 3-5A). The large paramylon granules may 

also have a skeletal function, as in Cyclidiopsis acus, whose lon- 

gitudinally aligned granules form an intracellular “backbone.” 

The chloroplasts of euglenoids are surrounded by three mem- 

branes, not two as in green algae and plants. For this reason, 

euglenoids are believed to have acquired their chloroplasts by 

phagocytosis of an entire eukaryotic algal cell, probably 

a chlorophyte (discussed later), which then became an en- 

dosymbiont. If so, the outermost membrane of the euglenoid 

chloroplast may correspond to the cell membrane of the 

chlorophyte cell, or the cell membrane fused with the 

membrane of the phagocytic vesicle. 

Food for the colorless heterotrophs consists of organic 

compounds absorbed from the surrounding water, bacteria, 

and other protozoan cells. Peranema seizes prey with a unique 

rod organ associated with its cytopharynx and cytostome. The 

rod organ (Fig. 3-5B) consists of two stiff, parallel rods 

(microtubule bundles) and other intracellular structures called 

“vanes.” (Euglena has a rudimentary rod organ, an indication of 

its heterotrophic ancestry.) Peranema feeds on a wide variety of 

living organisms, including Euglena, and the cytostome can be 

greatly distended to permit phagocytosis of large prey. While 

feeding, the rod organ is protruded, attaches to the prey, and 

then retracts, pulling the prey into the cytostome and cytophar- 

ynx. (Fig. 3-5B). The prey is swallowed (phagocytosed) whole 

and digested in a food vacuole. 

Sexual reproduction has not been observed in euglenoids, 

but clonal reproduction occurs by longitudinal binary fission 

(Fig. 3-6). The two flagella and their basal bodies, as well as 

the nucleus, replicate before the cell itself divides. 

Kinetoplastidac 

Kinetoplastid flagellates are colorless heterotrophs. A few of 

the 600 species are free living, but most are important para- 

sites. All share the flagellar paraxial rod with their euglenoid 

relatives, but uniquely have a conspicuous mass of DNA, called 

a kinetoplast, located within a single, large mitochondrion 

(Fig. 3-7D). Most of the kinetoplast DNA sequences code for 

the morphogenesis of mitochondria. The large kinetoplast 

genome probably is related to the cyclical differentiation and 

regression of mitochondria as parasitic kinetoplastids adapt 

their energy metabolism to alternating aerobic and anaero- 

bic host environments. The one or two flagella arise from 

a reservoir-like pit, which bears a cytostome that leads into 

a cytopharynx. Their basal bodies are located on or near the 

kinetoplast mitochondrion. 

Species of the free-living biflagellate Bodo (Fig. 3-7D) com- 

monly are found in brackish and fresh water and in soil, where 

they feed on bacteria. The trypanosome kinetoplastids are 

A BCD E 

FIGURE 3-6 Euglenozoa: Euglenoidea. Clonal reproduction by longitudinal fission (symmetrogenic division) in Euglena. A, An interphase cell 

with two flagella and two basal bodies. B, A premitotic cell: Two new basal bodies have formed adjacent to the parental basal bodies. C, Early 

mitosis: The parental basal bodies separate, each becoming associated with one new basal body. All four basal bodies bear a flagellum. Elongation 

of the nucleolus indicates the onset of nuclear division. Unlike mitosis of animal cells, the euglenoid nuclear membrane remains intact (closed 

spindle) during the entire division cycle and the flagella do not regress. D, Late mitosis: Each separate pair of flagella consists of a parental 

and a daughter basal body. The nucleus is dividing by constriction, the contractile vacuole has divided, and the reservoir (gullet) is undergoing 

division. E, The anterior end is dividing following duplication of organelles. (Modified and redrawn from Ratcliffe, 1927, and Triemer, 

www. lifesci. rutgers. edu/~triemer/flagellar_appt/flagellarapparatus. html) 
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FIGURE 3-7 Euglenozoa: Kinetoplastida. A, Skin lesion on a boy's wrist, one of the symptoms of kala-azar 
disease caused by Leishmania. B, Life cycle of Trypanosoma brucei: The bite of a tsetse fly introduces infective-stage 
cells that migrate into the human's cerebrospinal fluid to cause the lethargy associated with "sleeping sickness." 
Life cycle is completed when fly takes another blood meal and ingests the parasite. C, Structure of Trypanosoma 
brucei. D, Bodo saltans, a free-living member of the Kinetoplastida. Only sectioned parts of the long, single looping 
mitochondrion are shown. (B, From Sleigh, M. A., 1973, The Biology of Protozoa. Edward Arnold, London, p.141; 
C, Modified after Brooker from Farmer, J. N. 1980. The Protozoa: Introduction to Protozoology. C. V Mosby Co., St. Louis, p. 214.) 

gut parasites of insects and blood parasites of vertebrates. Usu- 

ally only the anterior flagellum is present (Fig. 3-7C), the 

second flagellum being represented only by a basal body. 

Commonly, the flagellum trails and is joined to the side of the 

body by an undulating membrane. The pellicle has a thick gly- 

cocalyx, whose protein composition is controlled by up to 

1000 genes, roughly 40% of the cell’s large nuclear genome 

(120 chromosomes in Trypanosoma brucei). Differential gene 

expression (and protein synthesis) during the various 

infective stages changes the antigen signature of the glycoca- 

lyx, enabling the parasite to elude the host’s immune system. 

Species of the trypanosome genera Leishmania and Try- 

panosoma are agents of numerous diseases of humans and 

domesticated animals in subtropical and tropical regions of 

the world. Part of the life cycle is passed within or attached to 

gut cells of blood-sucking insects, mostly various kinds of flies, 

and another part of the cycle is spent in the blood plasma or 

in white blood cells and lymphoid cells of the vertebrate host, 

although other tissues may be invaded. Intracellular stages 

are aflagellate, but during the life cycle, motile, extracellular, 

flagellated stages occur in the vertebrate bloodstream or in 

the invertebrate host (Fig. 3-7B,C). 

Leishmania is the agent of the widespread kala-azar and 

related diseases of Eurasia, Africa, and the Americas. They 

cause skin lesions (Fig. 3-7A) and interfere with immune 

responses, among other effects. Tiny biting flies known as 

sand flies or no-see-ums (Ceratopogonidae) are the blood- 

sucking insect host of this protozoan. 

Chagas’s disease of tropical America, which probably 

accounted for Darwin’s chronic ill health following the voyage 

of the Beagle, is caused by Trypanosoma cruzi and is transmitted 

by blood-sucking bugs. Extensive damage to the human host 

occurs when the parasite leaves the circulatory system and 

invades the liver, spleen, and heart muscles. 

Trypanosoma brucei rhodesiense and T. b. gambiense cause 

African sleeping sickness and are transmitted by the tsetse fly 
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(Fig. 3-7B,C). The parasite invades the cerebrospinal fluid and 

brain, producing the lethargy, drowsiness, and mental deterio- 

ration that mark the terminal phase of the disease. Various 

trypanosome diseases of horses, cattle, and sheep are of 

considerable economic importance. 

Kinetoplastids undergo binary fission. Like euglenoids, sex- 

ual reproduction has not been observed, but its occurrence is 

suspected. 

CHLOROPHYTAp 

Volvocida0 

Volvocida is a taxon of green algae (Chlorophyta), in which 

the large, cup-shaped chloroplasts contain chlorophylls a and 

b and a pyrenoid that synthesizes starch (amylopectin) as a 

food storage product. Many chlorophytes are nonmotile ma- 

rine and freshwater algae, such as the filamentous Spirogyra of 

fresh water. The cells of Volvocida, however, are permanently 

flagellated: Each cell bears two, four, or occasionally eight fla- 

gella lacking mastigonemes. An eyespot and two contractile 

vacuoles also may be present. The cells are enclosed in a gel 

matrix composed of glycoproteins and glycoaminoglycans and 

are interjoined by cytoplasmic bridges. 

Among the flagellated species, some are solitary, such as 

Chlamydomonas (Fig. 3-8A), and others are colonial. The 

colonies of Gonium (Fig. 3-8B) are flat plates of 32 to 40 cells, 

but other genera form hollow spheres: Pandorina (16 to 32 

cells), Eudorina (32 cells), Pleodorina (64 to 128 cells), Volvox 

(2000 to 6000 cells). 

Chlamydomonas reproduces clonally by longitudinal binary 

fission. In Volvox, only specialized, large, aflagellate cells (goni- 

dia) are capable of asexual and sexual reproduction. During 

clonal reproduction, a gonidium undergoes multiple fission 

and forms a hollow sphere within the parent colony (Fig. 

3-8C). The cell polarity of this sphere, however, is opposite 

that of the parent—the future flagella-bearing ends of the 

cells face the interior of the young colony. To correct its 

reversed polarity, the daughter colony inverts and reforms 

a sphere, now with flagella on the outer surface. The daughter 

colonies usually escape by rupturing the wall of the parent 

colony. 

The volvocids have a haploid-dominant life cycle with 

postzygotic meiosis (Fig. 3-4B). In most species of Chlamy- 

domonas, the two structurally identical cells act as gametes 

(isogametes), fuse, and form a zygote. Other species show the 

beginnings of sex differentiation by having gametes that differ 

slightly in size (anisogametes). In Pleodorina, the size distinction 

is pronounced, but the large macrogametes still retain flagella 

and are free swimming. Finally, in Volvox, true eggs and sperm 

develop from gonidia at the posterior of the colony. The egg is 

stationary and is fertilized within the parent colony by a sperm 

packet released from another colony. Colonies may be either 

hermaphrodites or one or the other sex. 

Although closely related to plants and not to animals, 

Volvox nevertheless illustrates how multicellularity might have 

evolved in the first animals. Beginning as a single cell, subse- 

quent mitoses result in a symmetrical colony composed of 

hundreds of cells. These cells then specialize functionally into 

somatic cells and reproductive cells (gonidia). 

C 

FIGURE 3-8 Chlorophyta: Volvocida. A, Chlamydomonas reinhardtii, 
a noncolonial solitary species. B, Gonium pectorale. Gonium species 
form colonies in the form of a flat, square plate in which all cells are 
embedded in a common gelatinous envelope. C, Volvox colonies are 
hollow spheres. Note daughter colonies within parent colonies. (A, From, 

Sleigh, M. 1989. Protozoa and Other Protists. Edward Arnold, London, p. 140; 

B, Courtesy of General Biological Supply House, Inc.) 

CHOANOFLAGELLATAp 

Surprising as it may seem, the marine and freshwater 

choanoflagellates are the sister taxon of animals (Metazoa). 

Both choanoflagellate and primitive monociliated animal 

cells bear a single flagellum, which bears a bilateral vane of 
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FIGURE 3-9 Choanoflageliata. 

Choanoflagellates have one flagellum 

surrounded by a collar of microvilli. 

A, A stalked colonial species. The stalk is an 

extension of the vaselike test that surrounds 

each cell. B, Proterospongia, a colonial 

species with cells united in a gelatinous 

matrix. C, Proterospongia choanojuncta 

has both a sessile and planktonic stage. 

(A, From Farmer, J. N. 1980. The Protozoa: 

Introduction to Protozoology. C. V. Mosby Co., St. 

Louis.; B and C, From Leadbeater, B. S. C. 1983. 

Life-history and ultrastructure of a new marine 

species of Proterospongia. four. Mar. Biol. Assoc. 

U.K. 63:133-160.) 

mastigoneme-like filaments and is surrounded by a cylindrical 

collar of microvilli (Fig. 4-2A). This synapomorphy, along with 

support provided by rDNA sequences, unites the choanofla- 

gellates and metazoans as sister taxa in a monophyletic taxon 

(see Chapter 1 for cladistic terms and method). 

The 600 species of choanoflagellates are mostly tiny and 

inconspicuous, usually not in excess of 10 pm in diameter 

(Fig. 3-9, 4-12A,B, 4-13A). While feeding, the flagellum creates 

a water current from which the collar filters bacteria and 

organic particulates. Bacteria trapped on the collar are 

ingested by phagocytosis. 

Choanoflagellates may be solitary or colonial, attached or 

free swimming. Some sessile species are attached by a stalk, 

part of a vaselike test (Fig. 3-9A). The test is composed of 

interconnected, extracellular, siliceous rods. The individuals of 

colonial planktonic forms, such as species of Proterospongia, are 

united by a jellylike extracellular matrix or by their collars (Fig. 

3-9B,C, 4-12A,B). In the latter case, the colony may resemble 

a plate, with all of the collars and flagella located on the same 

side, or a sphere on which the flagellated collars radiate from 

the surface (Fig. 4-12A). The marine Proterospongia choanojuncta 

was found to include both a colonial planktonic stage and 

a solitary, aflagellate attached stage (Fig. 3-9C). 

RETORTAMONADAp AND 
AXOSTYLATAp 

These two taxa of heterotrophic flagellates have from four to 

thousands of flagella organized in functional groups. A few of 

the 700 species are free living (Hexamita) in anoxic habitats, 

but most live anaerobically in the guts of vertebrates and 

insects, especially wood roaches and termites. Because they 

live in oxygen-free environments, mitochondria are either 

absent or atypical, the cells being specialized for glycolysis 

rather than aerobic respiration. Even when mitochondria are 

absent, as in Giardia, certain mitochondrial genes and pro- 

teins do occur, suggesting that the lack of mitochondria is 

secondary rather than primary. 

Retortamonads, such as Giardia lamblia, have four flagella, 

one of which trails behind the leading three and the cell body, 

and lack Golgi bodies as well as mitochondria. Giardia lamblia, 

which can cause a bloody diarrhea, is a common intestinal 

parasite in the United States. It frequently occurs in toddlers 

and child-care workers, but also can be acquired by drinking 

from seemingly pristine mountain streams. The axostylate 

Trichomonas vaginalis is a small parasite with four anterior 

flagella (Fig. 3-10A) that inhabits the urogenital tract of 
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FIGURE 3-10 Axostylata. A, Trichomonas vaginalis, a trichomonad parasite in the human vagina and male 
reproductive tract. In addition to the four anterior flagella, a trailing flagellum borders a looping undulating 
membrane. An axial skeleton, the axostyle, originates at the flagellar basal bodies, passes through the body of 
the cell, and protrudes posteriorly. B, The hypermastigid Trichonympha campanula lives in the gut of termites. 
(A, After Wenrich; B, from Farmer, J. N. 1980. The Protozoa: Introduction to Protozoology. C. V. Mosby Co., St. Louis, p. 266.) 

humans and causes a widespread sexually transmitted disease. 

Living tissues can be invaded and the vaginas of seriously 

infected women produces a greenish yellow discharge. 

The axostylates have a bundle of microtubules called an 

axostyle that extends the length of the cell. It most species, it is 

skeletal in function, like an intracellular backbone, but in some 

primitive species, it undulates and imparts a snaky motion to 

the cell. The derived axostylates, such as the hypermastigid 

mutualists in the gut of termites and wood roaches, have hun- 

dreds or thousands of flagella and astounding internal com- 

plexity; Trichonympha (Fig. 3-1 OB) is a good example. Most have 

a saclike or elongated body usually bearing an anterior ros- 

trum. Axostylates lack mitochondria, but have Golgi bodies. 

Many termites and wood-eating cockroaches are depen- 

dent on their hypermastigids for the digestion of wood. The 

flagellates, however, rely on intra- and extracellular bacteria 

and spirochetes for the actual breakdown of cellulose. The 

nutrients released from the wood are used by bacterium, 

flagellate, and insect. The termite host loses its gut mutualists 

with each molt of its exoskeleton, but by licking other indi- 

viduals, by rectal feeding, or by eating cysts passed in feces 

(in the case of roaches), a new innoculation is obtained. In 

wood-eating cockroaches, the life cycles of the flagellates are 

closely tied to the production of molting hormones by the 

late nymphal insect. 

Diversity of Retortamonada 
Retortamonadeac: Two or four anterior flagella, one of 

which is associated with the cytostome, which is elongate 

longitudinally as a body furrow; mitochondria are absent. 

Chilomastix sp. (plural, spp.) cause diarrhea in humans, 

poultry; Retortamonas. 

Diplomonadeac: Cell with eight flagella, two cytostomes, 

two nuclei (twinned, diplozoic cell); mitochondria are 

absent. Free-living Hexamita and parasitic Giardia, with their 

attachment disc and long flagellar axonemes. 

Diversity of Axostylata 
Oxymonadeac: Four posterior flagella; no cytostome, mito- 

chondria, or Golgi bodies. Undulatory axostyle, with intra- 

cellular bacteria and surface-attached spirochetes. Anaer- 

obes in the gut of termites and wood roaches. Oxymonas, 

Pyrsonympha. 

Parabasaleac: Cells have from a few to thousands of flagella 

and aggregates of large Golgi bodies (parabasal bodies). 

Axostyle is skeletal, single, replicated, or lost; mitochondria 

are absent; gut symbionts. Trichomonadida0 has two to 

six flagella; a recurrent flagellum forms an undulating 

membrane; axostyle projects posteriorly to form the attach- 

ment site. Trichomonas and Mixotricha paradoxa in the termite 

gut have surface-attached spirochetes whose motion propels 

the flagellate. Hypermastigida0 has many flagella at the 

anterior end of the cell (sometimes also elsewhere). Most 

have surface-attached symbiotic bacteria. In the gut of 

termites and wood roaches. Barbulanympha, Lophomonas, 

Trichonympha. 

ALVEOLATAp 

Three taxa, Dinoflagellata, Ciliophora, and Apicomplexa 

(Sporozoa) constitute the Alveolata. Alveolates are united on 

the basis of having similar ribosomal DNA sequences and 

pellicular alveoli. 
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DinoflagellatasP 

Approximately one-half of the 4000 marine and freshwater 

species of dinoflagellates have chloroplasts and are important 

primary producers, especially in the sea. The xanthophyll pig- 

ment peridinin colors them red-brown or golden brown. Their 

chloroplasts are surrounded by three membranes and have 

chlorophylls a and c, but lack chlorophyll b. Dinoflagellate 

chloroplasts are diverse, having originated as endosymbionts 

from at least three different taxa of photosynthetic cells. Het- 

erotrophic dinoflagellates lack plastids and are colorless. Like 

euglenoids, dinoflagellates originated as colorless heterotrophs 

that independendy acquired chloroplasts by endosymbiosis, 

probably more than once. A few dinoflagellates are endopara- 

sites of other protozoans, crustaceans, and fishes. The cell nu- 

cleus contains permanently condensed (thickened) chromo- 

somes having relatively small amounts of protein, and each 

chromosome is permanently attached to the nuclear membrane. 

Typical dinoflagellates have two flagella. One is attached 

a short distance behind the middle of the body, is directed pos- 

teriorly, and lies in a longitudinal groove (sulcus) (Fig. 3-1 IB). 

Its surface is smooth or it may have two rows of mastigonemes. 

The other flagellum is transverse and located in a groove (cin- 

gulum) that either rings the body once or forms a spiral of sev- 

eral turns. The transverse flagellum, which bears a unilateral 

row of mastigonemes, causes both rotation and forward move- 

ment. The longitudinal flagellum drives water posteriorly 

and contributes to forward motion. The dinoflagellate contrac- 

tile vacuole, called a pusule, opens to the exterior near the 

bases of the flagella. The pusule is surrounded by contractile 

myonemes. 

Dinoflagellates have a complex skeleton, or theca, which 

often contains deposits of skeletal cellulose in alveoli. Where 

the theca is thin and flexible, as in the common freshwater 

and marine genus Gymnodinium, the dinoflagellate is said to 

be unarmored, or naked (Fig. 3-11 A). Armored dinoflagel- 

lates have a thick theca composed of a few to several plates 

(Fig. 3-1 IB) formed by cellulose-filled alveoli. Frequently the 

armor is sculptured, and often long projections or winglike 

extensions protrude from the body, creating bizarre shapes 

(Fig. 3-11C). The large, colorless, and aberrant Noctiluca 

(Fig. 3-1 ID) and many smaller species are the principal con- 

tributors to planktonic bioluminescence. At night on a quiet 

sea, their greenish light sparkles in the wake of a boat or as 

startled fish streak away like shooting stars. 

Dinoflagellates are either pigmented photoautotrophs or 

colorless heterotrophs, but some pigmented species exhibit 

both modes of nutrition. The prey is usually captured with 

pseudopodia and ingested through an oral opening associated 

with the longitudinal flagellar groove. Noctiluca is a predator 

that uses a single contractile tentacle, containing myonemes, 

to catch prey and convey it to its cell mouth (Fig. 3-1 ID). 

Among the symbiotic dinoflagellates, the mutualistic zooxan- 

thellae of corals, without which the coral-reef ecosystem prob- 

ably would not exist, are primarily one dinoflagellate species, 

Symbiodinium microadriaticum. 

Myriad dinoflagellates occur in marine plankton as impor- 

tant contributors to oceanic primary production, especially 

in the tropics. Marine species of the genera Gymnodinium, 

Gonyaulax, and others are responsible for outbreaks of the 

so-called red tides (Fig. 3-1 IE). Under ideal environmen- 

tal conditions and perhaps with the presence of a growth- 

promoting substance, populations of certain species increase 

astronomically. Red tides, however, are not always red. The 

water may be yellow, green, or brown, depending on the 

predominant pigments of the blooming organisms. Concen- 

trations of toxic alkaloids produced by the dinoflagellates can 

reach such high levels that other marine life may be killed. 

The 1972 red tides off the coasts of New England and Florida 

killed thousands of birds, fish, and other animals and wreaked 

havoc on the shellfish industry by infecting clams and oysters 

that fed on the dinoflagellates. 

Pfiesteria piscicida, the cell from Hell, is the dinoflagellate 

responsible for fish kills in estuaries along the middle 

Atlantic and southeastern coasts of the United States. Under 

conditions of organic enrichment, either from human pollu- 

tion or the feces of schooling fish, the normally nontoxic 

cells release a waterborne toxin that causes skin lesions in 

fish. The dinoflagellates then attack the sores and consume 

the fish. Pfiesteria is a colorless heterotroph that feeds by 

phagocytosis on a variety of organisms. When feeding on 

unicellular algae, it can digest the prey-cell but retain its 

chloroplasts intact and then use them to provide itself with 

photosynthate. The Pfiesteria life cycle includes several 

stages besides the typical biflagellated planktonic cell. These 

include a benthic ameba and encysted stages, as well as 

a planktonic form that superficially resembles a heliozoan 

(see Heliozoa later in this chapter). 

Ciguatera food poisoning in humans is caused by a marine 

dinoflagellate that lives attached to multicellular algae. Cigua- 

toxin is acquired by grazing herbivorous fish that concentrate 

the toxin in their tissues and pass it up the food chain. The 

toxin can reach such high levels in the tissues of carnivorous 

fish that, when eaten by humans, it produces serious poisoning 

and even death. In addition to gastrointestinal symptoms such 

as diarrhea and nausea, there may be respiratory problems, 

muscle weakness, and long-lasting, strange skin sensations. 

Dinoflagellates undergo longitudinal binary fission. Cysts are 

formed in many flagellate groups, including dinoflagellates. In 

addition to the ameboid form of Pfiesteria already noted, some 

dinoflagellates can adopt the form of a naked, nonflagellated 

ball called a paimella. Fission often transforms the unicellular 

palmella into a cluster of cells. The dinoflagellates that inhabit 

corals as zooxanthellae do so in the palmella stage. 

CiliophorasP 

Ciliophora is a monophyletic taxon of animated and engaging 

cell-organisms. Most seem like diminutive animals because 

of their sophisticated cellular organelles and the complexity 

of their behavior. Many animal tissues and organs, such as 

muscle and gut, have analogs in the cellular anatomy of 

ciliates. The 8000+ described species are widely distributed in 

fresh water, the sea, and in the water film around soil particles. 

All ciliates are heterotrophs, but about one-third of them are 

ecto- or endocommensals or parasites. 

FORM AND FUNCTION 

Diverse body forms occur among the ciliates and, despite their 

motility and fixed anterior-posterior polarity, most are asym- 

metric. A few, however, are radially symmetric with an anterior 
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FIGURE 3-11 Alveolata: Dinoflagellata. A, The naked Gymnodinium. B, A freshwater armored species, 
Glenodinium cinctum. C, The armored, Ceratium. D, Noctiluca, a bioluminescent carnivore with a prehensile 
tentacle. Only one small flagellum occurs in an "oral" depression. E, Gonyaulax digitate, a marine species that 
causes red tides. (B, After Pennak, R. W. 1978. Freshwater Invertebrates of the United States. 2nd Edition. John Wiley and 

Sons, New York; C, After Jorgenson; D, After Robin) 

mouth (Fig. 3-12). Most ciliates are solitary and motile, but 

some species form colonies and are sedentary. Most ciliates 

are “naked,” but tintinnids, some heterotrichs, peritrichs, and 

suctorians are housed in a test of secreted organic material or 

of cemented foreign matter (Fig. 3-13). Ciliate cell size ranges 

from 10 pirn to 4.5 mm. 

The surface cilia are specialized into a somatic ciliature on 

the general body surface and an oral ciliature associated with 
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FIGURE 3-12 Alveolata: Ciliophora. Prorodon, a radially symmetrical 

ciliate. (AfterFaure-Fremietfrom Corliss, 1979) 

FIGURE 3-13 Alveolata: Ciliophora. Tintinnopsis, a marine ciliate 

(tintinnid) with a test composed of foreign particles. Note conspicuous 
polykinetids (membranelles) and tentacle-like organelles interspersed 
between them. (After Faure-Fremiet from Corliss, 1979) 

the mouth region. Distribution of body cilia varies between 

species. In some, cilia cover the entire cell and are arranged in 

longitudinal rows, each called a kinety (Fig. 3-12), but in more 

specialized taxa the cilia are restricted to regions of the body 

(Fig. 3-13, 3-18). 

A kinety is a row of repeating kinetids, each comprising 

a cilium, basal body, and associated fibers (Fig. 3-14). One of 

the fibers attached to the basal body is a striated rootlet, 

which is oriented anteriorly. The rootlet fibers from all basal 

bodies in a row may combine, like wires in a cable, to form 

a single kinetodesma, which runs the length of the row (Fig. 

3-14). The other fibers associated with each basal body are 

ribbons of microtubules. A postciliary microtubular ribbon 

extends posteriorly from each basal body. A transverse 

Kinetodesma 

Striated rootlet 

Basal body 

Trichocyst 

Outer alveolar membrane 

Inner alveolar 
membrane 

Alveolar 
cavity 

Cilium 

Cell membrane 

Circumciliary 
space 

Alveolus 

FIGURE 3-14 Alveolata: Ciliophora. The pellicle of Paramecium. (After Ehret and Powers from Corliss, 1979) 
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microtubular ribbon extends from the left side of each basal 

body. All kinetid fibers are thought to be skeletal in function, 

either for ciliary anchorage or maintenance of cell shape. 

The unitary kinetid described in the preceding paragraph 

is called a monokinetid (Fig. 3-14). In some ciliates, the 

monokinetid is doubled into a dikinetid and the cilia occur in 

pairs along the kinety. In polykinetids, multiple cilia function 

together in a compound unit. If that unit is a tuft, it is called 

a cirrus (plural, cirri) (Fig. 3-18B), and if it is a short row, 

then the paddlelike unit is known as a membranelle (Fig. 

3-18A,B,F). Kinedds typify all ciliates, even groups such as the 

Suctoria, which lack cilia as adults but retain the intracellular 

components of the kinedds. 

The ciliate body is typically covered by a complex pellicle. 

Below the outer cell membrane is a single layer of small mem- 

branous sacs, the alveoli, each of which is moderately to 

greatly flattened (Fig. 3-1E, 3-14). Cilia emerge from between 

adjacent alveoli, as do trichocysts and other extrusomes dis- 

cussed later (Fig. 3-14). Alveoli have a skeletal function and 

also store Ca2+ ions. Following an appropriate stimulation of 

the cell, these ions are released into the cytoplasm, where they 

can initiate changes in ciliary beat or discharge of extrusomes. 

Extrusomes are secretory bodies specialized for rapid 

release at the surface of the cell. In Paramecium and other 

ciliates, bottle-shaped extrusomes, trichocysts, alternate with 

the alveoli (Fig. 3-14). In the undischarged state, a trichocyst is 

perpendicular to the body surface. At discharge, the trichocyst 

rapidly ejects a long, striated, threadlike shaft surmounted by 

a barb (Fig. 3-15). The shaft is not evident in the undis- 

charged state and probably polymerizes during discharge. 

FIGURE 3-15 Aiveolata: Ciliophora. Discharged trichocysts of 

Paramecium (electron micrograph). Note golf-tee-shaped barb and 

part of long striated shaft. 

rrichocysts appear to function in defense against predators. 

Toxicysts are extrusomes found in the pellicle of Dileptus and 

Didinium. A toxicyst discharges a long thread with a bulbous 

base containing a toxin. Toxicysts are used for defense and for 

capturing prey. They are commonly restricted to the parts of 

the ciliate body that contact prey, such as around the 

cytostome in Didinium or the anterior body region of Dileptus 

(Fig. 3-16). Mucocysts are arranged in rows like trichocysts 

and discharge a spray or network of mucoid filaments. These 

may function in the formation of protective cysts or provide a 

sticky surface for prey capture. They occur in many ciliates, 

including Didinium. 

LOCOMOTION 

The ciliates are the fastest protozoans, achieving velocities in 

the range of 0.4 to 2 mm s_1 (or approximately eight body- 

lengths s 1 for a typical Paramecium). The fastest flagellates, on 

■Site of toxicysts 

■Cytostome 

Cytopharynx 

Macronucleus 

Contractile vacuoles 

FIGURE 3-16 Aiveolata: Ciliophora. Dileptus anser, a carnivorous 

ciliate with a long row of toxicysts in front of the cytostome. (After 

Sleigh, M. 1989. Protozoa and Other Protists. Edward Arnold, 

London, p. 198) 
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the other hand, reach only 0.2 mm s_1. On average, ciliates 

move faster than flagellates because of the numerous cilia on 

their surfaces. 

Metachronal waves (Chapter 2 and Fig. 2-7A) pass over the 

surface of active ciliates, approximately 10 waves at any 

moment on the body of a Paramecium. The metachronal 

coordination of cilia is thought to be controlled by water 

motion. The water movement created by one cilium initiates 

movement in the next cilium, like a sequence of falling 

dominoes. The kinetodesmal fibers are not regarded as a 

conducting system in ciliary-beat coordination. 

In genera such as Paramecium, the direction of the ciliary 

effective stroke is oblique to the long axis of the body 

(Fig. 3-17A). This causes the ciliate to swim in a spiral course 

and simultaneously to rotate Around its longitudinal axis. To 

change direction, Paramecium instantaneously reverses the 

direction of ciliary beat, retreats, stops, turns, and then pro- 

ceeds forward in a new direction (Fig. 3-17B). This turning 

sequence is known as an avoidance reaction. Mechanical stim- 

uli may be detected by long, stiff, nonmotile (sensory) cilia. 

The direction and intensity of the beat are controlled by 

changing levels of Ca2+ and K+ ions released from alveolar 

stores in the pellicle. 

FIGURE 3-17 Alveolata: Ciliophora. Locomotion in Paramecium. 

A, Metachronal waves in Paramecium during forward swimming. 

Wave crests are shown by diagonal lines (dotted on ventral surface), 

and their direction is shown by the small solid arrows. Rotational 

forward movement of the ciliate indicated by large arrow. B, The 

avoidance reaction of Paramecium. When Paramecium contacts an 

object, the cell membrane is depolarized, allowing an influx of 

Ca2+ into the cytoplasm, which causes reversal of the ciliary beat. 

As Ca2+ pumps are reactivated and cytoplasmic Ca2 levels begin to 

drop, the ciliary beat becomes uncoordinated and the cell turns as 

a result. When cytoplasmic Ca2+ levels reach their normal level, 

forward motion resumes. The alveoli are the sites of Ca2 uptake, 

storage, and release. (A, From Machemer, H. 1974. Ciliary activity and 

metachronism in Protozoa. In Sleigh, M. A. (Ed.): Cilia and Flagella. Academic 

Press, London, p. 224. B, After Hyman, L. H. 1940. The Invertebrates, Vol.l. 

McGraw-Hill Book Co., New York) 

The highly specialized stichotrichs and hypotrichs, such as 

Urostyla, Stylonychia, and Euplotes (Fig. 3-18A,B), have bodies 

differentiated into distinct dorsal and ventral sides. Cilia have 

largely disappeared except on localized ventral areas that bear 

cirri. The cilia of each cirrus are synchronized and the cirrus 

beats functionally as a single large, forceful unit. 

Some ciliates, such as the elongate karyorelictids that live 

between sand grains on marine beaches or common sessile 

species of Vorticella or Stentor, are highly contractile and with- 

draw rapidly from potential predators. Contraction results from 

the shortening of striated protein fibers called myonemes. 
Stentor shortens its entire body with pellicular myonemes, but in 

Vorticella and the colonial Carchesium, the myonemes extend 

into the stalk as a single large, spiral fiber, the spasmoneme 
(Fig. 3-18C,D). This spasmoneme contracts rapidly, in a few 

milliseconds, presumably as an escape response. Re-extension 

of the spasmoneme is slow and may result from the elastic 

recoiling of the extracellular sheath around the stalk and the 

beating of the oral cilia. Myonemes are not composed of actin 

and myosin, as in animal muscle, but rather of another protein 

called spasmin that requires Ca2+, but apparently not ATP, for 

contraction. 

NUTRITION 

Free-living ciliates may be detritivores, bacteriovores, herbi- 

vores, or predators. Predators may be raptorial, actively pursu- 

ing their prey, or ambush predators that lie in wait for their 

quarry. The predators feed on other protozoans, including 

other ciliates, and even small animals such as rotifers. Many 

small ciliates move in search of food — bacteria, diatoms, 

detritus — and ingest it after making contact. Others, usually 

larger-bodied species, may use their body cilia to suspension 

feed on similar foods. The preoral cilia of suspension feeders 

is usually complex, whereas ciliates that feed by direct inter- 

ception have less complex oral regions. 

Most ciliates have a cytostome, a dedicated endocytic area 

of the cell membrane that is free of cilia, infraciliature, and 

alveoli. In some groups the cytostome is anterior (Fig. 3-12), 

but in most ciliates it has been displaced more or less posteri- 

orly (Fig. 3-16, 3-19). In its least complex form, the cytostome 

lies directly over a cytopharynx, a cylinder of microtubules 

located in the cytoplasm (Fig. 3-16). Food is ingested at the 

cytostome by phagocytosis and the cytopharynx conveys the 

food vacuole inward. 

The oral structures may consist solely of the cytostome and 

cytopharynx (Fig. 3-16, 3-18F), but in most ciliates the 

cytostome is preceded by a preoral chamber that aids in food 

capture and manipulation. The preoral chamber, called a 

vestibule, may be lined only with simple cilia derived from 

somatic cilia. In other, more complex ciliates, the preoral 

chamber differs from a vestibule by containing compound 

ciliary organelles (polykinetids) instead of simple cilia and is 

then designated a buccal cavity (or peristome; Fig. 3-18A,D). 

In Paramecium, the preoral chamber is divided into an outer 

vestibule and an inner buccal cavity (Fig. 3-19). The 

polykinetids of its buccal cavity create a current that transports 

bacteria or small protozoans into the cavity. 

Among predators, species of Didinium have been carefully 

studied. These barrel-shaped ciliates feed on other ciliates, 
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FIGURE 3-18 Alveolata: Ciliophora. A, Ventral view of the hypotrich Euplotes. B, Lateral view of the 

stichotrich Stylonychia mytilus. The arrangement of organelles on the ventral side is similar to that of Euplotes. 

C and D, Vorticella convallaria (Peritrichia) in contracted state (C) and extended state (D). E, Carchesium 

polypinum, a colonial peritrich similar to Vorticella. F, Stentor coeruleus (Heterotrichia). Note the large 

macronucleus in Vorticella and Stentor, both of which are large cells (up to 2 mm). (A, After Pierson from Kudo. 

B, By Machemer, H. In Grell, K. G. 1973. Protozoology, Springer-Verlag, New York, p. 304. C, D, and F, from Sleigh, M. 

1989. Protozoa and Other Protists. Edward Arnold, London, pp. 211 and 213.) 
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FIGURE 3-19 Alveolata: Ciliophora. Structure of Paramecium. (After 

Mast from Dogiel; B, After Clakins from Hyman; C and D, from Sleigh, M. A. 

1973. The Biology of Protozoa. Edward Arnold Publishers, London, p. 64. 

Based on micrographs of Rudzinska, Bardele, and Grell.) 

particularly Paramecium (Fig. 3-20A). When Didinium attacks 

a Paramecium, it discharges toxicysts into the Paramecium and 

the proboscis-like anterior end attaches to the prey through 

the terminal cytostome, which can open almost as wide as the 

diameter of the body. Once seized, the Paramecium is ingested 

by phagocytosis. 

The free-living members of the Suctoria are ambush 

predators that resemble tiny, carnivorous sundew plants (Fig. 

3-20B). Unlike other ciliates, suctorians lack cilia, except in 

immature stages. Suctorians are sessile and most are attached 

by a stalk to the surface of marine and freshwater inverte- 

brates. Stiff tentacles radiate outward from the body and may 

be knobbed at their tips or shaped like long, pointed spines 

(Fig. 3-20B). Each tentacle is supported internally by a cylin- 

der of microtubules and bears special attachment extru- 

somes called haptocysts at the tentacle tips (Fig. 3-20C,D). 
When prey organisms, including other ciliates, strike the ten- 

tacles, the haptocysts are discharged into the prey, anchoring 

it to the tentacles. The contents of the prey are then 

“sucked” into the tentacle, entering a long food vacuole that 

eventually extends into the body of the suctorian. “Suction” 

is actually a rapid phagocytosis, accelerated by the micro- 

tubular cylinder, which functions as a cytopharynx in the axis 

of each tentacle. 

Suspension feeders typically have a buccal cavity. Food is 

brought to the body and into the buccal cavity by the compound 

ciliary organelles. From the buccal cavity the food particles are 

driven through the cytostome and into the cytopharynx. When 

the particles reach the cytopharynx, they are collected in a food 

vacuole. 
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FIGURE 3-20 Alveolata: Ciliophora. Predatory ciliates. A, Four Didinium attacking one Paramecium. B, Acineta, 
a suctorian. C, A single undischarged haptocyst below the surface of a tentacle cell membrane. D, Several 
haptocysts in a tentacle tip; the two lines below the haptocysts are a section through the microtubular cylinder 
in the tentacle. (A, After Mast from Dogiel; B, After Clakins from Hyman, 1940; C and D, From Sleigh, 1973) 
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In the filter-feeding Peritrichia, whose members possess 

little or no body cilia, the buccal ciliary structures are highly 

developed and are part of a disklike area at the oral end of the 

body. In Vorticella, a peripheral shelf (Fig. 3-18D) closes over 

the disk during retraction (Fig. 3-18C). The buccal cilia are in 

a groove between the edge of the disk and the peripheral 

shelf. These cilia form an outer membrane of fused cilia and 

an inner double row of unfused cilia. Both membrane and 

ciliary rows wind counterclockwise around the margin of the 

disk and then turn downward into the funnel-shaped buccal 

cavity (Fig. 3-18D). The inner ciliary rows generate the water 

current, and the outer membrane acts as the filter. The food, 

mostly bacteria, is transported between the membrane and 

ciliary rows into the buccal cavity. 

Food is ingested by phagocytosis at the cytostome and the 

food vacuole is transported inward by the cytopharynx. When 

the food vacuole reaches a certain size, it breaks free from the 

cytopharynx and a new vacuole forms at the cytostome. 

Detached vacuoles then begin a more or less circulatory move- 

ment through the endoplasm. 

Digestion follows the general pattern described in the 

Introduction to Protozoa, but is peculiar in that it develops a 

very low initial pH. In Paramecium, following the formation of 

the food vacuole (Fig. 3-21), acidic vesicles (acidosomes) fuse 

with the vacuole and some cell membrane is removed. As a 

result, the vacuole becomes smaller and the pH drops to 3. 

Lysosomes now join the vacuole, but the contents are too acid 

for effective enzymatic action. For reasons still unknown, the 

pH rises, and at pH 4.5 to 5, digestion occurs. This is the same 

pH characteristic of intracellular digestion in other organisms 

that have been s'tudied. Following digestion, the waste-laden 

food vacuole moves to a fixed exocytosis site, the cytoproct, 

fuses with the cell membrane and expels its contents. Residual 

vacuolar membrane breaks up into small vesicles that move to 

the region of the cytostome and then reconstitute a food 

vacuole. 

About 15% of ciliate species are parasites, and many are 

ecto- and endocommensals. Many suctorians are commensals 

and a few are parasites. Hosts include fishes, mammals, various 

invertebrates, and other ciliates. Endosphaera, for example, is 

parasitic within the body of the peritrich Telotrochidium. The 

commensal hypotrich Kerona and peritrich Trichodina both 

occur on the surface of Hydra. Balantidium species are 

endocommensals or endoparasites in the gut of insects and 

many vertebrates. Balantidium coli (Trichostomatia) occupies 

the intestine of pigs and is passed by means of cysts in the 

feces. This ciliate has occasionally been found in humans, 

where, in conjunction with bacteria, it erodes pits in the 

intestinal mucosa, causing pathogenic symptoms. Other 

trichostomes are mutualists in the digestive tract of ruminants. 

Like the flagellate symbionts of termites and roaches, some of 

them ingest and break down the cellulose of the vegetation 

eaten by their hosts. The products of digestion are utilized by 

the host. 

Some ciliates harbor symbiotic algae. The most familiar 

of these is Paramecium bursaria, in which the endoplasm har- 
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FIGURE 3-21 Alveolata: Ciliophora. 
Intracellular digestion in ciliates. A forming food 
vacuole enlarges by fusion with small vesicles 
that add membrane to the vacuole wall. Fusion 
of acidic vesicles (acidosomes) causes a drop in 
pH. Fusion of lysosomes adds digestive enzymes. 
Eventually, the vacuole shrinks as it blebs off 
small vesicles to be added to a new food 
vacuole. 
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bors green zoochlorellae. A mouthless marine species of 

Mesodinium has algal symbionts. 

EXCRETION 

Excretion in ciliates is largely a matter of volume regulation. 

Contractile vacuoles are found in both marine and freshwater 

species, but in the latter they discharge more frequently. In 

some species a single vacuole is located near the posterior, but 

many species have more than one (Fig. 3-16). In Paramecium, a 

vacuole is located at both the posterior and anterior ends of 

the body (Fig. 3-19). The vacuoles are always associated with 

the innermost region of the ectoplasm and empty through 

one or two permanent pores that penetrate the pellicle. The 

spongiome contains a network of irregular tubules that may 

empty into the vacuole directly or by way of collecting tubules 

(Fig. 3-3). 

NUCLEAR DIMORPHISM 

In contrast to most other protozoan classes, ciliates have two 

types of nuclei (heterokaryosis): a micronucleus that is inac- 

tive except during cell division and houses the master copy of 

the genome, and a macronucleus whose genes are actively 

transcribed for the daily synthetic activities of the cell. Each 

cell tvpically has 1 to 20 diploid micronuclei and 1 to many 

polyploid macronuclei; the numbers vary by species. The 

macronucleus is sometimes called the vegetative nucleus 

because it is not essential in sexual reproduction. Instead it is 

necessary for normal metabolism and the control of cell 

differentiation. The macronucleus contains hundreds to 

thousands of times more DNA than does the micronucleus 

because of duplications following the micronuclear origin of 

the macronucleus. But many of the DNA sequences of the 

micronucleus (up to 98% in Stylonychia) are eliminated dur- 

ing macronucleus formation. Furthermore, macronuclear 

DNA is organized not in chromosomes, but rather in small 

subchromosomal or gene-sized units, some of which are am- 

plified up to 1 million times. The macronuclei contain many 

nucleoli in which ribosomal RNA is synthesized. The amplifi- 

cation of genes in the macronucleus and the multiple nucle- 

oli probably increase the rate of synthesis of proteins to be 

used in the assembly of the complex and numerous ciliate 

organelles. 

Macronuclei may assume a variety of shapes (Fig. 3-16, 

3-18D,F). The large macronucleus of Paramecium is oval or 

bean-shaped and located just anterior to the middle of the body 

(Fig. 3-19). In Stentor and Spirostomum, the macronuclei are long 

and arranged like a string of beads (Fig. 3-18F). Not infre- 

quently, the macronucleus is in the form of a long rod bent in 

different configurations, such as a C in Euplotes or a horseshoe 

in Vorticella (3-18D). The unusual shape of many macronuclei 

may be an adaptation to reduce the diffusion distance between 

the nucleus and the cytoplasm of these large cells. 

CLONAL REPRODUCTION 

Clonal reproduction is by binary transverse fission, with the 

division plane cutting across the kineties (Fig. 3-22A) in 

contrast to the longitudinal fission of flagellates (Fig. 3-6). 

Many sessile ciliates, for example, Vorticella, reproduce asexu- 

ally by budding (Fig. 3-22B). 

FIGURE 3-22 Alveolata: Ciliophora. A, Transverse fission, in which 

the plane of division cuts across the kineties. B, Detached bud of 

Dendrocometes. C, Conjugation in Vorticella. Note the small, motile 

microconjugant. (A, After Corliss, 1979; B, After Pestel from Hyman, 1940; 

C, After Kent from Hyman, 1940) 

The micronucleus divides by mitosis with a closed spindle. 

Division of the macronuclei is amitotic and is usually accom- 

plished by constriction. When several macronuclei are present, 

they may first combine as a single body before dividing. 

SEXUAL REPRODUCTION 

Sexual reproduction in ciliates is a direct exchange of genes 

without first packaging them in either egg or sperm cells. To 

accomplish this, two sexually compatible ciliates fuse along a 

shared surface, the membrane between them disappears, 

and a mutual exchange of genes occurs (Fig. 3-23A-F). This 

process is known as conjugation and the two fused ciliates are 

called conjugants. Conjugants may be blissfully fused for 

several hours. Only the micronuclei function in conjugation; 

the macronucleus disintegrates during the sexual process. 

The steps leading to the exchange of genes between the two 

conjugants are fairly constant in all species. After two meiotic 

divisions of the micronuclei, all but one degenerate. This one 

then divides, producing two haploid gametic micronuclei that 

are genetically identical. One is stationary while the other 

migrates into the opposite conjugant. Once the migratory 

nucleus arrives, it fuses with the partner’s stationary nucleus to 

form a 2N zygote nucleus, or synkaryon. Shortly after nuclear 

fusion the two ciliates separate, and each is then called an 

exconjugant. Each exconjugant undergoes mitotic nuclear 

divisions to restore the species-specific number of cell nuclei. 

This event usually, but not always, involves cell divisions. For 

example, in species normally with a single macronucleus and 

a single micronucleus, the synkaryon divides once. One of the 

nuclei forms a micronucleus; the other becomes the macronu- 

cleus. In this case, the normal nucleus number is restored with- 

out any cell divisions. 

But in Paramecium caudatum, which also has a single nucleus 

of each type, the synkaryon divides three times, producing 
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FIGURE 3-23 Alveolata: Ciliophora. Conjugation (sexual reproduction) in Paramecium caudatum, a species 

with one macronucleus and one micronucleus. A, Two individuals are united in conjugation. B-D, The 

micronucleus of each conjugant undergoes three divisions, the first two of which (B and C) are meiotic. E, 
Migrant micronuclei are exchanged between conjugants. F, The migratory nucleus fuses with the stationary 

micronucleus of the opposite conjugant to form a synkaryon, or "zygote nucleus." Note that the micronuclear 

membrane does not break down during meiosis (or mitosis) in Paramecium (or other ciliates). 

eight nuclei. Four become micronuclei and four become 

macronuclei. Three of the micronuclei degenerate. The 

remaining micronucleus divides during each of the two subse- 

quent cell divisions and each of the four resulting offspring 

cells receives one macronucleus and one micronucleus. In 

those species that have numerous nuclei of both types, there is 

no cell division; the synkaryon merely divides a sufficient num- 

ber of times to produce the appropriate number of macronu- 

clei and micronuclei. 

In some of the more specialized ciliates, the conjugants are a 

little smaller than nonconjugating individuals, or the two mem- 

bers of a conjugating pair are of strikingly different sizes. Such 

gonochoric macro- and microconjugants occur in Vorticella (Fig. 

3-22C) and are an adaptation for conjugation in sessile species. 

The macroconjugant remains attached while the small bell of 

the microconjugant breaks free from its stalk and swims about. 

On contact with an attached macroconjugant the two bells 

adhere. A synkaryon forms only in the macroconjugant from 

one gametic N nucleus contributed by each conjugant. The 

conjugal bond is permanent and fatal to the microconjugant, 

which degenerates after contributing its gamete nucleus. In the 

sessile attached Suctoria, conjugation takes place between two 

adjacent individuals that lean together like lovers on a park 

bench. 

The frequency of conjugation varies from once every few 

days to not at all (or not yet observed). In some species a 

period of “immaturity,” in which only fission occurs, precedes 

a period during which individuals are capable of conjugation. 

Numerous factors, such as temperature, light, and food sup- 

ply, are known to induce or influence conjugation. 

In some ciliates, sex is rejuvenating and necessary for 

additional bouts of clonal fission. For example, some species of 

Paramecium are limited to only 350 clonal generations and die 

out in the absence of conjugation. Sex restores asexual 

capacity. 

Most ciliates are capable of forming resistant cysts in 

response to unfavorable conditions, such as lack of food 

or desiccation. Encystment enables the species to survive cold 

or dry periods and provides a form for dispersal by wind or 

attachment to animals. 

DIVERSITY OF CILIOPHORA 

Karyorelicteac: Freshwater Loxodes and marine interstitial 

Geleia, Remanella, and Tracheloraphis, ail highly contractile. 

Macronuclei and micronuclei both diploid; somatic 

dikinetids. 

Spirotricheac: Ciliates with oral membranelles (polykinetids) 

that wind clockwise to the cytostome; somatic dikinetids or 

polykinetids. Includes HeterotrichiasC, the contractile Ble- 

pharisma, Folliculina, Spirostomum, Stentor; OHgotrichiasC, the 

tintinnids, Halteria with somatic cirri; StichotrichiasC, with 

ventral cirri, such as the dorsoventrally flattened Stylo nychia 

(Fig. 3-18B); HypotrichiasC, which are flattened with cirri 

on the ventral surface and have postciliary microtubule 

(MT) ribbons, such as bacterivorous Aspidisca and Euplotes 

(Fig. 3-18B). 

LitOStomateac: Somatic monokinetids; MTs from circumcy- 

tostomal dikinetids form basketlike cytopharynx and have a 

transverse ribbon of MTs from ciliary basal bodies and later- 

ally directed kinetodesmal fibers. Includes HaptoriasC, 

mostly predators with lateral, ventral, or posterior cytostome 

and toxicysts, Didinium, Dileptus, Mesodinium (with endosym- 

biotic dinoflagellates); and TrichostomatiasC, mutualists in 

the gut of ruminants that assist in breakdown of cellulose, 

Balantidium and Entodinium. 

Prostomateac: Oral region similar to that of litostomates, 

but some polykinetids are also present; have somatic 

monokinetids with radially arranged MT ribbons and a 

cytostome at the anterior end of the cell; toxicysts are com- 

mon. Marine and freshwater Coleps, Prorodon. 

Phyllopharyngeac: Leaflike ribbons of MTs surrounded by 

longitudinal bundles of MTs that form a basket-shaped 

cytopharynx (cyrtos); somatic monokinetids. Phyllopharyn- 
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giasC, of which Chilodonella is flattened, ciliated ventrally, and 

found in sewage; ChonotrichiasG, which are sessile, noncili- 

ated filter feeders with a spiral oral end that attach to crus- 

taceans; SuctoriasC, which are sessile, cilia-free predators with 

prey-catching tentacles, resemble miniature sundews and 

include Allantosoma (in horse colon), Ephelota, Heliophrya, 

Tokophrya. Marine and fresh water. 

Nassophoreac: Transverse MT ribbons tangential to the 

basal bodies; well-developed kinetodesma; MT bundles form 

a complex, basket-shaped cytopharynx (nasse); somatic 

mono- or dikinetids. Peniculida0 has an oral apparatus that 

is an elastic slit and three oral membranelles (peniculus) on 

its left side and an undulating membrane on the right; a 

nasse is absent; includes the slipper ciliate, Paramecium. 

Oligohymenophoreac: A few oral polykinetids, usually three, 

on left side of the cytostome; somatic monokinetids with MT 

ribbons that radiate from the basal bodies. Hymenos- 

tomatiasC, oral apparatus like that of Nassophorea. The best- 

known ciliate is the free-living Tetrahymena; Ichthyophthirius, 

the cause of “ich” disease of freshwater fishes; Pleuronema, 

Uronema. PeritrichiasC, a ciliary ring on its oral rim that winds 

helically counterclockwise to the cytostome and then splits 

into three membranelles; somatic cilia are reduced; often 

have contractile stalks (or bodies) and are mosdy sessile and 

attached, but some can detach and swim: Carchesium, Epistylis, 

Trichodina, Urceolaria, Varticella. 

Coipodeac: Kidney-shaped cells with spiral kineties and 

somatic dikinetids: Bursaria, Colpoda. 

ApicomplexasP (Sporozoa) 
The some 5000 species of apicomplexans are widespread and 

common parasites of such animals as worms, echinoderms, 

insects, and vertebrates. Depending on the species, they may 

be extra- or intracellular parasites or both at different stages of 

the life cycle. Apicomplexans also are responsible for malaria, 

the number-one parasitic disease of humankind, as well as 

similar debilitating diseases of livestock. 

Apicomplexans are so named because motile infective 

stages (sporozoites, merozoites) bear an anterior apical com- 

plex that attaches to or penetrates into host cells. A fully 

developed apical complex consists of an anterior conoid, one 

or two polar rings, 2 to 20 flask-shaped glandular structures 

(rhoptries), and numerous membranous Golgi-derived tubules 

(micronemes) (Fig. 3-24). The conoid is open at both ends 

and encircled by the polar rings, which link to subpellicular 

microtubules. The micronemes contain enzymes presumably 

used for host-cell penetration, but the functions of the other 

components are unclear. Apicomplexans lack cilia, but fla- 

gella occur on their microgametes. Pseudopodia also are 

absent. Infective stages move by gliding, which may result 

from microscopic undulations of the pellicle. One or more 

feeding pores, called micropores, are located on the side of 

the body (Fig. 3-24). The apicomplexan pellicle consists of 

the outer cell membrane and two additional membranes 

below it. The two inner membranes are actually the outer and 

inner walls of a flattened alveolus, which completely encloses 

the subpellicular cytoplasm except for breaks anteriorly (api- 

cal complex), laterally (micropores), and posteriorly (site of 

exocytosis). 

The extraordinary life cycles of apicomplexans achieve 

mind-challenging complexity in species that infect more than 

one host. The basic life cycle, however, is reasonably straight- 

forward. Its sexual and clonal stages are haploid, except for 

the zygote (haploid-dominant cycle; Fig. 3-4D). The motile 

infective stage is called a sporozoite. The haploid sporozoite 

enters the body of the host, takes up host nutrients, grows, and 

differentiates into a gamont, or gamete-producing cell. Gener- 

ally, male and female gamonts pair, become enclosed in a com- 

mon envelope (cyst), and each produces many gametes via 

multiple fission within the cyst. Once full grown, these gametes 

fuse to form diploid zygotes, each of which secretes a protec- 

tive extracellular capsule and is then called a spore. Within the 

spore, the zygote nucleus undergoes meiosis to restore the hap- 

loid chromosome number and then mitosis to produce eight 

cells, which differentiate into sporozoites. The encapsulated 

sporozoites are liberated from the spore after it is ingested by a 

host. In this life cycle, gamogony, the production of gametes, 

refers to the period from the pairing of the gamonts to the 

fusion of gametes. Sporogony, the production of spores, refers 

to the period beginning with meiosis of the zygote to the differ- 

entiation of sporozoites within the spore. 

The basic life cycle is illustrated by the gregarine (Gre- 

garinea) Monocystis lumbrici, which parasitizes seminal vesicles 

of the earthworm, Lumbricus terrestris (Fig. 3-25). Worms 

become infected when they ingest soil containing spores. 

Within the earthworm’s gizzard, the spores hatch and release 

FIGURE 3-24 Alveolata: Apicomplexa. Lateral view of a generalized 
sporozoan. The polar ring, conoid, micronemes, and rhoptries are parts 

of the apical complex. (From Farmer, J. N. 1980. The Protozoa: Introduction 

to Protozoology. C. V. Mosby Co., St. Louis, p. 360) 
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Sporozoite 

Gamont 

FIGURE 3-25 Alveolata: Apicomplexa. Life 
cycle of the gregarine Monocystis lumbrici, 
a parasite of earthworm seminal vesicles. 
A, Spore containing a 2N zygote, which 
undergoes meiosis and then mitosis to generate 
N sporozoites. B, Sporozoites in the spore. 
C, Sporozoites emerge from the spore in the 
gizzard. D, Sporozoite enters sperm-forming 
cell in the wall of the seminal vesicle. 
E, Sporozoite grows at the expense of the 
developing spermatocytes (small cells). 
F, Sporozoite enters the cavity of the seminal 
vesicie bearing remnants (tails) of aborted host 
sperm and transforms into a gamont. 
G, Gamonts pair. H, Paired gamonts. I-K, 
Encysted gamonts mitotically produce micro- 
and macrogametes. L, Gamete fusion produces 
zygotes, each one enclosed in a spore. (Modified 
and redrawn from Janovy,J., and Roberts, L. S. 2000. 
Foundations of Parasitology. 6th Ed. McGraw-Hill 
Co., NY, 688pp.) 

sporozoites that penetrate into the circulatory system, eventu- 

ally entering the seminal vesicles. Here they penetrate and 

enter sperm-forming cells in the vesicle, wall, parasitizing them 

at the expense of the developing spermatocytes. The enlarged 

sporozoites then emerge from the host cells, enter the cavity of 

the vesicle, and transform into gamonts (trophozoites) approx- 

imately 200 pm in length. Male and female gamonts attach to 

the funnels of the worm’s sperm ducts, pair, and encyst. Within 

the cyst, multiple gametes of each sex are produced. Each 

gamete-pair fuses to form a zygote that becomes encapsulated 

as a spore. Eventually, eight sporozoites are generated in each 

spore. Either the cyst or liberated spores exit the host’s sperm 

ducts and are deposited in the soil where they await a feeding 

worm, the next host. 

Other gregarines are extracellular or intracellular parasites 

of the gut and other organs of invertebrates, especially annelids 

and insects. Some reach 10 mm in length. The body of a feed- 

ing-stage gregarine (trophozoite) is elongate and the anterior 

part sometimes bears hooks, one or more suckers, or a simple 

filament or knob for anchoring the parasite into the host’s cells. 

Compared with gregarines, the malaria-causing Plasmodium 

and relatives (Hematozoea and Coccidia) are small cells, and 

sexual reproduction typically occurs within a host cell. For a 

given species, there may be only one host, as in gregarines, but 

many require two hosts to complete the life cycle. 

These parasites add one or more rounds of multiple fission 

(schizogony) to the basic life cycle described above (Fig. 3-26). 

FIGURE 3-26 Alveolata: Apicomplexa. Life cycle of coccidian and 
haematozoen sporozoans. All stages are haploid except the zygote, 
which undergoes meiosis in the formation of spores (sporogony). 
The ability of merozoites to produce more merozoites (merogony) 
constitutes a clonal cycle within the sexual life cycle. (From Levine, N. D. 
1985. Phylum Apicomplexa. In Lee,]. /., el al. (Eds.): Illustrated Guide to the 
Protozoa. Society for Protozoology, Lawerence, KS. p. 325) 
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Each of these additional rounds, called merogony, results in 

the production of motile, reinfective merozoites. The typical 

life cycle includes a sporozoite that infects a host cell, grows, 

and transforms into an ameboid trophozoite. The trophozoite 

undergoes merogony to form merozoites, each of which 

resembles a sporozoite. The merozoites infect other host 

cells in which they undergo another round of merogony 

or transform into gamonts, initiating gamogony. Each female 

gamont transforms into one macrogamete, but a male 

gamont, via multiple fission, produces many biflagellated 

microgametes. After fertilization, the zygote undergoes sporo- 

gony to produce sporozoites, which are encapsulated as an 

oocyst. This encysted zygote undergoes meiosis, then mitosis, 

to form several encapsulated spores. Later, sporozoites differ- 

entiate within each of the spores. 

The most notorious hematozoeans are four species of Plas- 

modium that cause malaria, one of the worst scourges of 

humankind. Originally restricted to the Old World tropics, 

malaria was introduced into the New World by European 

colonists. Currendy, about 300 million people (1 in 50) world- 

wide are believed to be infected each year, and the annual 

death rate is about 1% of those infected. Left untreated, the 

disease can be long-lasting, debilitating, and fatal. 

Malaria has played a major but often unrecognized role in 

human history. The name means literally “bad air,” because 

originally the disease was thought to be caused by the fetid air 

of swamps and marshes. .Although malaria had been recog- 

nized since ancient times, the causative agent was not discov- 

ered until 1880, when Louis Laveran, a physician with the 

French army in North Africa, identified the parasite Plasmod- 

ium in the blood cells of a malarial patient. In 1887, Ronald 

Ross, a physician in the British army in India, determined that 

a mosquito was the vector. 

The malarial parasite is introduced into a human host by 

the bite of Anopheles mosquitoes, which inject saliva and 

sporozoites into the capillaries of the skin (Fig. 3-27). The 

sporozoite is carried by the bloodstream to the liver, where it 

invades a liver cell and becomes a feeding trophozoite. After 

further development, the trophozoites reproduce clonally by 

merogony to form thousands of merozoites. These merozoites 

reinvade host liver cells and undergo another round of mero- 

gony. After a week or so, merozoites leave the liver cells and 

invade red blood cells. Within the red blood cell the mero- 

zoites transform into trophozoites, which increase in size and 

again undergo merogony to form yet more merozoites that 

reinvade other red cells. After a few days, merozoite release 

occurs in discrete pulses as their developmental cycles become 

synchronized. The periodic release of the merozoites, along 

with cell fragments and metabolic byproducts, causes chills 

and fever—the typical symptoms of malaria. Serious damage 

results from the blocking of capillaries by infected and less pli- 

able red blood cells. While in the host’s red cells, the tropho- 

zoites phagocytose protein (hemoglobin) at their micropores. 

Eventually, some of the merozoites transform into gamonts 

(gametocytes) within the red blood cell, but these do not unite 

in pairs. Instead, each separately produces gametes only after 

being ingested by the mosquito. Once the mosquito imbibes 

infected blood, the gamonts are released from the red blood 

cells and produce gametes in the gut lumen. After fertilization, 

the zygote transforms directly into a motile cell (with apical 

FIGURE 3-27 Alveolata: Apicomplexa. Malaria: the life cycle of Plasmodium in mosquito and human. 
Reinvasion of liver cells in humans, as shown in this figure, does not occur in Plasmodium falciparum. (Redrawn 
and modified from Blacklock and, Southwell) 
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complex) that penetrates and encysts in the gut wall. Sporo- 

gony within the cyst eventually results in the release of thou- 

sands of sporozoites into the mosquito’s hemocoel. The sporo- 

zoites migrate into the insect’s salivary glands, from which they 

will be injected into the next victim of the mosquito’s bite. 

Related parasites (Coccidia) cause diseases in domesticated 

animals. Species of the genus Eimeria, for example, affect 

chickens, turkeys, pigs, sheep, and cattle. 

Two other taxa of spore-forming parasites, the Microsporidia 

and the Myxosporidia, were formerly considered to be close 

relatives of the apicomplexans. Now, the microsporidians are 

classified either with the fungi or placed near the base of the 

eukaryotes because they lack, and presumably never had, fla- 

gella, mitochondria, and Golgi bodies. The myxosporidians, 

currendy called myxozoans, are multicellular organisms with 

cnidae (sdnging capsules) that are now classified with the meta- 

zoan taxon Cnidaria (corals, anemones, and jellyfishes) and are 

described in Chapter 7. 

DIVERSITY OF APICOMPLEXA (SPOROZOA) 

Gregarineac: Life cycle with one host; multiple fission 

by both male and female gamonts; constriction separates 

gamont body into anterior protomerite and posterior 

deutomerite, with epimerite (such as hooks) at tip of 

protomerite; gamont cells unite (syzygy) before encystment 

and move by gliding; most stages are extracellular parasites 

of echinoderms, molluscs, annelids, and especially arthro- 

pods. Species identification based on epimerite structure. 

Gregarina, Monocystis. 

Coccidiac: Each macrogamont forms but one macrogamete; 

gamonts encyst; most species are intracellular parasites of 

invertebrates and vertebrates in one or two hosts. Cryp- 

tosporidium, Eimeria (in poultry), Haemogregarina, Toxoplasma 

(causes toxoplasmosis in cats and sometimes in humans). 

HematOZOeac: Blood parasites that alternate between verte- 

brate (intermediate) and arthropod (final) hosts; sporozoites 

infect vertebrates and motile micro- and macrogametes are 

transferred to arthropods; gamonts do not pair or encyst. 

Haemoproteus, Leucocytozoon (causes turkey malaria), Plasmod- 

ium (causes malaria). 

AMEBOID PROTOZOA 
The ameboid protozoans, traditionally placed in the taxon Sar- 

codina (subphylum), have flowing extensions of the body called 

pseudopodia. Included here are the classroom amebas as well as 

many other marine, freshwater, and terrestrial taxa with 

pseudopodia. Pseudopodia are used for capturing prey and, in 

benthic taxa, also for locomotion. Ameboid movement may be 

a primitive character of eukaryotic cells. If so, it is a symple- 

siomorphy of the amoeboid protozoans that cannot unite them 

in a monophyletic taxon. Within this paraphyletic or, more 

likely, polyphyletic assemblage, some subgroups are mono- 

phyletic and others are not. Taxon names with a superscripted 

notation are probably monophyletic, while stand-alone names 

are not. 

Ameboid protozoa are mostly asymmetric, but some with 

skeletons exhibit radial symmetry. In general, small-bodied 

species have one nucleus whereas large species have many 

and, in one taxon (forams), heterokaryotic nuclei occur, as in 

ciliates. Ameboid protozoa have relatively few specialized 

organelles and in this respect are among the simplest proto- 

zoa. The skeletal structures that occur in the majority of 

species, however, reach a complexity and beauty that is 

surpassed by few other organisms. The three principal groups 

of ameboid protozoa are the amebas (Caryoblasta, Heterolo- 

bosa, and Amoebozoa), the forams (Foraminiferea), and the 

actinopods (Radiolaria, Acantharea, and Heliozoa). 

Amebas 
Amebas (or amebae) may be naked or enclosed in a test. The 

naked amebas, which include Amoeba, live in the sea, in fresh 

water, and in the water film around soil particles (Fig. 3-28A). 

The shape, although constantly changing, is characteristic in 

different species. Some giants, such as Pelomyxa palustris or 

Chaos carolinense, can be 5 mm in length and are multinu- 

cleated cells. The cytoplasm in amebas is divided into a stiff, 

clear, external ectoplasm and a more fluid internal endoplasm 

(Fig. 3-28A). The pseudopodia adopt one of two general 

forms. Lobopodia, which are typical of many amebas, are 

wide and rounded with blunt tips (Fig. 3-28A,B). They are 

commonly tubular and composed of both ectoplasm and 

endoplasm. Filopodia, which occur in many small amebas, are 

slender, clear, and sometimes branched, but the branches do 

not inteijoin extensively to form nets (Fig. 3-28C). 

In shelled (testate) amebas, which are largely inhabitants of 

fresh water, damp soil, and mosses, either a radial or bilateral 

extracellular test is secreted by the cytoplasm. The test is an 

organic matrix to which secreted siliceous elements or foreign 

materials are attached. The ameba is attached by cytoplasmic 

strands to the inner wall of the test. Pseudopodia, which may 

be either lobopods or filopods, protrude through an opening 

in the test. In Arcella (Fig. 3-29A,B), one of the most common 

freshwater amebas, the brown or straw-colored protein test has 

the shape of a squat dome with the aperture in the underside 

center. In Euglypha the organic test bears overlapping siliceous 

scales (Fig. 3-29C). Difflugia has a test composed of mineral 

particles that are first, endocytosed, then exocytosed and 

embedded in the organic matrix (Fig. 3-29D). 

Marine species commonly lack contractile vacuoles; fresh- 

water species have one to several, and, at least in larger naked 

species, contractile vacuoles form and fill anteriorly and 

discharge at the trailing end of the cell. 

DIVERSITY OF AMEBAS 

Caryoblastap: Cell has one to several nonmotile flagella, each 

with a basal body from which MTs radiate and surround a 

nucleus; mitochondria and Golgi bodies are absent, respira- 

tory organelles are endosymbiotic bacteria. Pelomyxa palustris 

is 1 to 5 mm in diameter with hundreds of nuclei and several 

flagella; Mastigamoeba and Mastigel'la have one flagellum and 

one nucleus. In micro-oxic freshwater sediments. Some sys- 

tematists regard caryoblasts as premitochondrial eukaryotes, 

and thus among the most primitive of living protists. 

Heterolobosap: Cells have an inducible flagellated stage with 

two to four functional flagella; lobopodia seem to erupt dur- 

ing ameboid movement. Encystment occurs under adverse 
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FIGURE 3-28 Amebas: Naked amebas. A, Amoeba. B, 
Chaos carolinense, a large, multinucleate ameba moving with 
a single lobopodium (the species is not strictly monopodial). 
C, Penardia mutabilis, a freshwater ameba with branching, 
anastomosing filopods. (B and C, From Bovee, E. C. 1985. Class 

lobosea and class filosea. In Lee, J. J., et al, (Eds.): Illustrated Guide 

to the Protozoa. Society for Protozoology, Lawerence, KS. pp. 162 and 

230) 

conditions. Freshwater and marine sediments. Naegleria (two 

flagella; cause of primary amebic meningoencephalitis), 

Tetramitus (four flagella). Contemporary systematists include 

this taxon with the flagellates. 

Amoebozoa: Polyphyletic taxon: cells with pseudopodia that 

lack MTs. MTs are associated only with the mitotic spindle; fla- 

gella and centrioles are absent; freshwater, marine, terrestrial, 

and symbiotic habitats. “Lobosea,” with lobopodia, includes 

the naked (atestate) amebas—Acanthamoeba, Amoeba, Chaos, 

Entamoeba, Vannella—and the testate amebas—Arcella, Difflu- 

gia. “Filosea,” with rapidly forming filopodia, includes testate 

and atestate species: Euglypha, Gromia, Vampyrella. 

Foraminifereap 

The large taxon Foraminiferea (forams or foraminifers) is 

primarily marine. The countless filiform pseudopodia, called 

reticulopodia, actively branch and interconnect (anastomose) 

to form a complex threadlike mesh, usually known as a reticu- 
lopodial network (Fig. 3-30B). Each reticulopodium has an 

axis of microtubules that shuttles vesicles bidirectionally to 

and from the cell body. The abundant vesicles confer a granu- 

lar appearance on the reticulopods. Locomotion in creeping 

forams, such as AUogromia, results from extension of the reticu- 

lopodial network, anchorage on the substratum, and retrac- 

tion of the net, which pulls the cell body forward. Movement 

of the reticulopodial net involves lengthening and shortening 

of the axial microtubules. 

Forams construct an extracellular test of organic material, 

cemented foreign mineral particles, or calcium carbonate 

secreted onto the organic matrix. Calcareous tests are common 

and well preserved in the fossil record; 40,000 of the 45,000 

described species of forams are fossil species. The largest 

forams, members of the deep-sea Xenophyophorea, are several 

centimeters in diameter (the size of a clenched fist). 

A few foram species occupy a test of one chamber, but most 

have multichambered calcified tests. Multichambered forams 

begin life in a single chamber, but as the organism increases in 

size, reticulopods extend from the aperture of the original 

chamber, arrange themselves in the appropriate shape, and 

secrete the new chamber. This process continues throughout 
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FIGURE 3-29 Amebas: Testate amebas. A, Arcella vulgaris, apical view. B, Side view. C, Test of Euglypha 
strigosa, composed of siliceous scales and spines. D, Difflugia oblonga with test of gathered mineral particles. 
(A, B, andD, After Deflandre, G. 1953. In Grasse, P. Traite de Zoologie, Masson and Co., Paris. Vol. I, pt II. C, After Wailes) 

life and results in a series of many chambers, each of which 

may be larger than the preceding one. Because the addition 

of new chambers follows a symmetrical pattern, the tests have 

a distinctive shape and arrangement of chambers (Fig. 3-30). 

The entire test is filled by one cell that extends from one 

chamber to the next. An extension of the cell from the aperture 

also creates a thin layer outside the test. Reticulopodia may be 

restricted to the aperture or they may arise from the test layer 

(Fig. 3-30B). In some species they emerge through test pores, 

but others have blind pores that do not penetrate the test. 

Forams cast their extensive reticulopodial nets widely over 

surfaces, into the water, or between grains of sand in search of 

food. The net is dynamic, with its shape and extent changing 

constantly as reticulopods shorten, lengthen, fuse, and arise or 

regress spontaneously anywhere in the net. No crevice is too 

small to be probed by the myriad tentacles of the net. Once a 

diatom, bacterium, or other small prey is contacted, it adheres 

to a reticulopod and is transported along it, as if on an escala- 

tor, to the cell body waiting like an orb spider at the net’s hub. 

On reaching the cell body, food is ingested by phagocytosis. 

Most forams are benthic, but species of Globigerina and 

related genera are common planktonic forms. The chambers of 

these species are spherical, but spirally arranged (Fig. 3-30B.D). 

Planktonic forams have more delicate tests than do benthic 

species and the tests commonly bear spines, which slow the rate 

of sinking. The spines are so long in some species that the 

foram is visible to the naked eye and can be scooped with ajar 

by a scuba diver. A few forams are sessile. Homotrema rubrum 

forms large, red, calcareous tubercles about the size of a wart on 

the underside of coral heads. The pink sands of the beaches of 

Bermuda result from the accumulation of Homotrema tests. 

Several forams harbor an unusual diversity of endosymbio- 

tic photosynthetic protists — chlorophytes, diatoms, dinofla- 

gellates, or unicellular red algae, depending on the foram. 

One taxon harboring zooxanthellae, the Soritidae (which 

includes mermaid’s pennies), averages about 1 cm in diameter 

and is common on coral reefs. 

Forams first appeared in the Cambrian period and have 

fossilized throughout geological history. Extensive accumula- 

tions of tests occurred during the Mesozoic and early Ceno- 

zoic eras and contributed to the formation of great limestone 

and chalk deposits in different parts of the world. The White 

Cliffs of Dover in England and the quarries that provided 

stone for the Egyptian pyramids are composed predominantly 

of foram tests. 

Their widespread fossil occurrence and their long geologic 

history make forams useful as index fossils. Because sedimentary 

rock containing the same taxa of forams was deposited at the 

same time, geologists use these index species to identify oil- 

containing strata. In some species of Globigerina, the coiling 

direction of the test is influenced by water temperature: Left- 

hand (sinistral) coiling is associated with low temperatures 
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FIGURE 3-30 Foraminiferea. A, Test of the foram Rheophax nodulosa, entire and in section. B, Living 
Globigerina bulloides. C, Test of an ellipsoidinid foram, in section. D, Cleaned test of Globigerinoides sacculifer, 
a tropical planktonic foram with spines. E, Archaias sp., a common benthic foram of shallow tropical seas. 
(A, After Brady. B, drawn form a photograph in Grell, K. G. 1973. Protozoology. Springer-Verlag, Berlin, p. 283) 

whereas right-hand (dextral) coiling is associated with high tem- 

peratures. Thus, the coiling direction of certain fossils provides 

a record of past cold and warm periods. The varying ratios 

of oxygen isotopes in foram tests from deep-sea sediments also 

provide clues about global temperature change and glacial ice 

accumulation. 

DIVERSITY OF FORAMINIFEREA 

Until recently, Foraminiferea was included in Granuloretic- 

ulosa, a phylum-level taxon of three major subgroups 

Athalamida, Monothalamida, and Foraminiferida—all sharing 

the character reticulopodia. In contrast to forams, however, the 

other two taxa lack an alternation of generations in their life 

cycle. Athalamids lack a test and occur in fresh water; 

monothalamids have an organic or calcareous test of one 

chamber and occur primarily in fresh water, although some 

species are marine. Recent molecular studies suggest that 

athalamids are forams modified for life in fresh water, ffere we 

consider only taxa traditionally considered to be forams. 

Allogromiinac: Organic test is flexible and sometimes has 

attached foreign matter. India, Myxotheca, Nemogullmia. 

Textulariinac: Organic test made rigid by adding foreign 

particles. Allogromia, Ammodiscus, Astrorhiza, Clavulina, 

Textularia. 

Miliolinac: Calcareous test resembles porcelain. Amphisorus 

(mermaid’s penny), Pyrgo (ooze former), Quinqueloculina, 

Sorites. 

Rotaliinac: Calcareous test is glassy (hyaline) and has pores. 

Bulimina, Discorhis, Globigerinoides (planktonic), Homotrema, 

Lagena, Marginulina, Rotaliella. 
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Actinopodap 

The actinopods are primarily spherical, planktonic cells with 

long, stiff, needlelike pseudopodia called axopodia that 

radiate outward like spikes on a mace (Fig. 3-31, 3-32, 3-33). 

The axis of each axopodium contains a supportive axial rod 

that is a bundle of microtubules originating in the cell body. 

Bidirectional shuttling of vesicles occurs in axopodia, as in 

reticulopodia, and they can shorten rapidly after contacting 
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FIGURE 3-31 Radiolaria. A, Glass model of a colonial radiolarian, Trypanosphaera transformata. Note 

the radiating axopodia, thick vacuolated cortex, and medulla overlaid by a skeletal grid. B, Spherical siliceous 

test of Hexacontium. C, Conical test of Lamprocyclas. 
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FIGURE 3-32 Acantharea. Acanthometra, with mineralized test of 
radiating strontium sulfate spines. Note extracellular cuticle enclosing 
cell and attached to spines. (From Farmer, J. N. 1980. The Protozoa: 

Introduction to Protozoology. C. V. Mosby Co., St. Louis, p. 353) 

and adhering to prey. The axopods are used for prey capture, 

flotation, locomotion, and attachment to surfaces. 

Most actinopods are enclosed in a perforated, organic, 

extracellular test (central capsule). The actinopodia and 

other types of pseudopodia emerge through the test pores. 

Unlike the pseudopodia of forams and testate amebas, how- 

ever, those of actinopods permanently extend over and 

beyond the test and do not withdraw into it. The non- 

actinopodia pseudopods, which are often reticulopodia, 

filopodia, or vacuolated pseudopodia (for flotation), form a 

thick shroud over the test. This pseudopodial shroud is called 

the cortex (calymma, or ectoplasm) and the cell body is the 

medulla (central capsule, or endoplasm; Fig. 3-32, 3-33A, 

3-34, 3-35). The perforated test (capsular membrane), when 

present, separates the medulla from the cortex. If the cortex 

is experimentally removed, a new one is regenerated from 

the medulla. 

Medulla and cortex compartmentalize the actinopod cell. 

The cortex encounters the external environment, captures 

and digests prey, conveys nutrients to the medulla, provides 

flotation, and often bears photosynthetic endosymbionts. The 

medulla houses the nucleus and the synthetic machinery of 

the cell, as well as nutrients held in storage. 

In addition to the organic test, most actinopods also have a 

mineral skeleton, usually made of silica, that may be intracel- 

lular, extracellular, or both, according to the taxon. In helio- 

zoans, the siliceous skeleton is apparently restricted to the 

cortex, whereas in acanthareans and some radiolarians, it 

occurs in the medulla and cortex (Fig. 3-35). 

RADIOLARIAc 

With a siliceous test that looks like a crystal starburst, radio- 

larians are among the most elegant protozoans (Fig. 3-31). 

Entirely marine and primarily planktonic, radiolarians are 

relatively large protozoa: A few solitary species are millime- 

ters in diameter, and some colonial species attain a length of 

up to 20 cm (Collozoum). The radiolarian cell is usually spher- 

ical and divided distinctly into medulla and cortex by a per- 

forated organic test (Fig. 3-31A, 3-35C). Highly specialized 

FIGURE 3-33 Heliozoa: Atestate heliozoans. A, A multinucleate heliozoan, Actinosphaerium eichorni. 
B, A living, sessile, stalked heliozoan. Stalk extends toward the lower right corner. Medulla, cortex, and axopodia 
are visible. (A, AfterDoflein) 
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FIGURE 3-34 Heliozoa: Testate heliozoans. A, Pinaciophora fluviatilis with a test of scaies. B, Heterophrys 

myriopoda with cuticle-bearing spines. (A and B, After Penard from Hall) 

perforations (fusules) in the test allow for the passage of the 

axopodia as well as vacuolated filopodia and reticulopodia 

that form the cortex. The cortex, sometimes highly vacoluated 

(Fig. 3-31A), functions in flotation, prey capture, and intracel- 

lular digestion as well as often bearing symbiotic dinoflagel- 

lates (zooxanthellae) or other photosynthetic protists. The 

medulla, which is often vacuolated peripherally, contains one 

to many nuclei and nutritional reserves, such as lipid drops 

(also used for buoyancy). 

In addition to the organic test, radiolarians also have an in- 

tracellular mineral test of silica (Si02) synthesized in the retic- 

ulopodial network of the cortex and sometimes also in 

the medulla. The siliceous test itself is a network of slender, 

interconnected rods that resembles a geodesic dome, often 

with radiating spines (Fig. 3-31). In its more complex forms, it 

can consist of two or three interconnected concentric spheres 

of striking symmetry and beauty. In some radiolarians the 

siliceous skeleton is rudimentary or even absent, but if absent, 

the organic test is still present. 

The planktonic radiolarians display a distinct vertical strat- 

ification from the ocean surface down to 5000 m depths. A 

testimony to the enormous population densities of planktonic 

radiolarians is provided by the thick accumulation of their tests, 

after death, on many parts of the ocean floor. In some of these 

areas, where tests account for 30% or more of sediment com- 

position, the sediment is called radiolarian ooze. Similarly, 

foraminiferan ooze, from accumulated foram tests, characterizes 

other parts of the ocean floor. At depths below 4000 m, however, 

the great pressure tends to dissolve the calcareous foram tests. 

Diversity of Radiolaria 

Polycystinea0: Taxon contains the majority of familiar 

radiolarians. All have perforated siliceous skeletons and are 

solitary and colonial species, 30 pm to 2 mm in size. 

Collozoum, Eucoronis, Thallasicola. 

Phaeodarea0: Taxon of deep-sea radiolarians having a 

siliceous test with hollow spines and incorporated organic 

matter. Central capsule has three openings, one oral 

and two for axopods. Yellow-brown pigment mass (phae- 

odium) near the oral opening. Astracantha, Coelodendrum, 

Phaeodina. 

ACANTHAREAc 

Acanthareans are planktonic marine actinopods that super- 

ficially resemble radiolarians (Fig. 3-32). The cell is a radially 

symmetric sphere from which project slender axopodia and 

10 to 20 stout skeletal spines. The intracellular spines unite 

in the center of the medulla, radiate outward, and project 

beyond the periphery of the cell. Myonemes attach to the 

spine bases and, on contraction, expand the cortex to the tips 

of the spines. Acantharean spines are composed of strontium 

sulfate and not the silica of radiolarians. Strontium sulfate is 

soluble in seawater and, after cell death, the skeleton soon dis- 

solves and leaves no trace either as a bottom ooze or in the 

fossil record. The cell is divided by a perforated organic test 

into a medulla and vacuolated cortex. The cortex is overlaid 

with a flexible extracellular cuticle. The medulla contains sev- 

eral nuclei and, often, zooxanthellae. 

HELIOZOAc 

The spherical actinopods called heliozoans (sun animalcules) 

occur in the sea, in still bodies of fresh water, and in mosses. In 

aquatic habitats, they may be floating or, more commonly, 

located in bottom debris. Some benthic species are stalked 

(Fig. 3-33B). Numerous slender axopodia radiate stiffly from the 
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“Cuticle” 

FIGURE 3-35 Anatomy of forams, radiolarians, and heliozoans. A, A single-chambered foram; 
B, A multichambered foram with test pores; C, A radiolarian; Df A heliozoan. B-D, Partly hypothetical. 

surface of the cell (Fig. 3-33A,B), but can shorten or even “melt” 

as the axial microtubules depolymerize. Some heliozoan species 

have long, delicate filopodia in addition to the axopodia. 

A heliozoan cell, like that of other actinopods, is divided 

into a cortex of vacuolated hlopods and a medulla, but an 

organic test is absent between the two regions (Fig. 3-33A). 

Some heliozoans, however, secrete an extracellular cuticle 

(gel) over the surface of the cortex, as do acanthareans and 

perhaps some radiolarians. Discrete skeletal structures are 

attached to this cuticle in some species. These may be organic 

or siliceous spicules or incorporated foreign materials. The 

diverse siliceous spicules may be scales (Fig. 3-34A), spines that 

radiate from the cell surface (Fig. 3-34B), or structures of other 

shapes. Contractile vacuoles occur in the cortex of freshwater 

species. The medulla contains one to many nuclei, the bases 

of the axial rods, and sometimes symbiotic green algae 

(zoochlorellae). 

Diversity of Heiiozoa 
Actinophryida0: Axopodial MTs originate on the nuclear 

membrane and form two intertwined spirals; uni- and 

multinucleate species are capable of encystment; marine, 

freshwater, terrestrial (peat). Actinophrys, Actinosphaerium, 

Camptonema. 

Desmothoracida0: Sessile, mostly stalked species; irregularly 

arranged axopod MTs; filopodia are present. Clathrulina, 

Hedriocystis, Orbulinellci. 

Ciliophryida0: Similar in form to actinophiyids, but adult 

bears a single flagellum with pinnate mastigonemes; 

axopods with few MTs. Actinomonas, Ciliophrys, Pteridomonas. 

Taxopodida0: Bilaterally symmetric with stout siliceous 

spines in rosettes; axopodal MTs in a hexagonal pattern; 

marine. Sticholonche. 

Centrohelida0: Numerous slender and long axopods arise 

from a central point (centroplast); axopods bear extru- 

somes used in prey capture; often have surface covering of 

extracellular siliceous scales or spinelets; axopod MTs in 

hexagonal or triangular arrays. Acanthocystis, Gymnosphaera, 

Hedraiophrys, Heterophrys. 

Nutrition 
Ameboid protozoa are heterotrophs. Their food consists of 

small organisms such as bacteria, algae, diatoms, protozoans, 

and even small multicellular animals, including rotifers and 
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roundworms (nematodes). The prey is captured by pseudopo- 

dia and ingested by phagocytosis. 

In amebas, pseudopodia extend around the prey, eventu- 

ally enveloping it completely, or the body surface invaginates 

to form a food vacuole (Fig. 2-8, 2-9). In forams, heliozoans, 

and radiolarians, the numerous radiating pseudopodia are 

traps for prey. Any organism that comes in contact with them 

adheres and is quickly paralyzed, presumably by toxins. 

Enzymes released from the pseudopods predigest prey, such 

as small crustaceans, before they are phagocytosed by the 

cell. The axial rods of some heliozoans contract, drawing 

the prey into the cortex, or the axopods may coalesce and 

surround the food, forming a vacuole at the site of capture. 

The vacuole then moves inward. Digestion occurs in the cor- 

tex of heliozoans and radiolarians. Egestion (exocytosis) can 

take place at any point on the body surface, but in crawling 

amebas, wastes are usually released at the trailing end of 

the cell. 

Some naked amebas are parasites. The majority of these 

are endoparasites in the digestive tract of annelids, insects, 

and vertebrates. Several species occur in the human diges- 

t S'* 
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FIGURE 3-36 Amebas: Clonal reproduction. A, Fission in 

a naked ameba. B and C, Two stages in the division of Euglypha, 

a testate ameba. B, Formation of test plates on a cellular mass 

protruding from the aperture. C, Division of the nucleus. One of 

the daughter nuclei will move into the new cell. Note that the nuclear 

membrane remains intact during mitosis. (B and C, After Sevajakov 

from Dogiel) 

tive tract, but of these only Entamoeba histolytica, which is 

responsible for amebic dysentery, is ordinarily pathogenic. 

The life cycle of these intestinal amebas is direct, and the 

parasites are usually transmitted from the digestive tract of 

one host to that of another by means of cysts that are passed 

in feces. 

Reproduction 
Clonal reproduction in most amebas, heliozoans, and radio- 

larians is by binary fission (Fig. 3-36A). In amebas with a thin 

organic test, the test divides into two parts and each daughter 

cell forms a new half. When the test is dense and continuous, 

as in Arcella and Euglypha, an outgrowth of the cell emerges 

from the test aperture prior to division and secretes a new test 

(Fig. 3-36B). The double-test cell then divides (Fig. 3-36C). 

Multiple fission is common in multinucleated amebas, forams, 

and heliozoans. The fission products of some, such as helio- 

zoans, may be biflagellated swarmers that disperse and trans- 

form first into amebas and then into the form of the parent. 

Division in the radiolarians is similar to that in the testate 

amebas: Either the test itself divides and each progeny cell 

forms the lacking half, or one offspring retains the test and 

the other secretes a new one. 

Sexual reproduction has been observed infrequently in 

amebas. Among the heliozoans, sexual reproduction is 

known in some genera, such as Actinosphaerium and 

Actinophrys (diploid-dominant life cycle, Fig. 3-4C). Sexual 

reproduction in forams commonly involves an alternation 

of clonal and sexual generations (haploid-diploid codomi- 

nance, Fig. 3-4D). 

PHYTOGENY OF PROTOZOA  
The evolutionary origin of protozoa is discussed in Chapter 2, 

Introduction to Protozoa. The phylogenetic relationships 

among the protozoan taxa have been notoriously difficult to 

unravel, but progress is ongoing thanks to the application 

of microanatomical and molecular techniques (Fig. 3-37). In 

general, the ameboid taxa (and some flagellates) are thought 

to represent primitive taxa, although their interrelation- 

ships are presently unclear. At least five monophyletic taxa 

have been proposed. One of these is the Euglenozoa, which 

includes the euglenoids and kinetoplastids. Another is the 

Chlorophyta, which includes the Volvocida, green algae, 

and multicellular green plants. Ciliates, dinoflagellates, and 

apicomplexans form another monophyletic taxon (Alveolata) 

based on their common possession of alveoli and mitochon- 

dria with tubular cristae. From the perspective of animal 

evolution, the most interesting monophyletic taxon is the 

Opisthokonta, characterized by a posterior flagellum on 

motile cells as well as gene-sequence similarities. Included 

in this taxon are the sister taxa Choanoflagellata and Meta- 

zoa (multicellular animals) as well as Fungi and perhaps 

Microsporidia. The only other opisthokont taxon is the 

former protozoan group Myxosporidia, which is now included 

among the metazoans as Myxozoa. 
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FIGURE 3-37 Phylogeny of Protozoa based on gene-sequence data and morphology. Morphological 

characters: 1, Eukaryota: Nucleus is enclosed in a nuclear membrane. 2, Opisthokonta: Locomotory 

flagellum is posterior on motile cells. 3, Alveolata: Alveoli are below the cell membrane, mitochondrial 

cristae are tubular. 4, Green plants: Chloroplasts are enclosed in two membranes and include 

chlorophylls a and b, starch is produced as a storage product, and a cellulose cell wall is present. 

5, Stramenopila: Flagella have three-part, tubular mastigonemes. 6, Euglenozoa: One or two anterior 

flagella emerge from a pit, a paraflagellar rod is present, and mitochondrial cristae are discoid. 
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etazoans are the multicellular organisms we commonly 

identify as animals. In the past, protozoans and metazoans were 

both considered to be animals, and the name Metazoa (= later 

animals) reflects their evolution from a protozoan (= first ani- 

mal) ancestor. Now, however, the word animal is applied solely 

to the multicellular Metazoa, also known as Animalia. As noted 

in Chapter 3, protozoans are unicellular eukaryotic organisms 

that often form multicellular colonies. In doing so, protozoans 

knocked at the evolutionary door of multicellular plants and 

animals. Once the door opened and metazoans evolved, there 

followed such a prolific evolutionary radiation—an estimated 

1 million to 30 million species in 29 major taxa (phyla)—that 

we are led to inquire into the causes of this astounding success. 

What were the keys that unlocked that evolutionary door and 

how were those keys forged? What innovations evolved in meta- 

zoans, what were their functional implications, and from what 

preexisting structures did they evolve? These are the topics of 

this chapter. 

o 

GROUND PLAN  
Metazoans are multicellular, heterotrophic, motile eukaryotes. 

The body is polarized along an anterior-posterior locomotory 

axis. In contrast to protozoans, metazoans generally are large 

organisms. 

CELLS, TISSUES, AND SKELETONS 
The metazoan body is composed of functionally specialized 

cells, each type of which is dedicated to one or a few func- 

tions. In protozoans, on the other hand, all the functions of 

life are housed in a single cell. Metazoan cells are not dis- 

tributed randomly in the body, but are bound together in spe- 

cialized layers called tissues. Minimally, the metazoan body 

consists of two tissues, at least one more than any colonial 

protozoan. The somatic cells of the protozoan colony Volvox, 

for example, constitute the sole tissue layer of the body. 

Some species of colonial choanoflagellates may have two tissue 

layers, but Choanoflagellata is the sister taxon of Metazoa 

(Fig. 3-37). 

The two basic types of metazoan tissue are epithelial and 

connective. The simplest metazoans, and developmental 

stages of many primitive invertebrates, consist solely of these 

two layers. Thus, epithelial and connective tissues may be the 

primary (original) tissues of metazoans, and both are impor- 

tant in the functional organization of animals. 

An epithelium consists of cells that adjoin one another to 

form a sheet that covers the body or lines an internal cavity. 

The epithelium that covers the body (the epidermis) typically 

has on its external surface a secreted extracellular matrix 

(ECM), or cuticle (Fig. 4-1). In its simplest form, the cuticle 

consists of little more than a thin surface coat of glycopro- 

teins. The epithelial cells secrete and rest on a basal lamina, 

a thin, dense, fibrous ECM. Epithelial cells are bound to each 

other and to the basal lamina by cell-adhesion molecules. 

Although there are many of these proteins, they fall into 

distinct classes, two of which are integrins and cadherins. 

Integrins bind cells to the basal lamina and cadherins bind 

cells to each other. Epithelial cells are commonly ciliated. 

There may be one or many cilia per cell; the monociliated 

state is believed to be primitive because it occurs in all primi- 

tive metazoan taxa, some apornorphic groups, and, notably, in 

Choanoflagellata, the sister taxon of Metazoa (Fig. 4-13A,B). 

Chapter 6 thoroughly describes the structure and function of 

epithelial tissue. 

FIGURE 4-1 Cells, tissues, and skeletons. A, A hypothetical metazoan with the two primary metazoan 

tissues: a monociliated, columnar epithelium overlying connective tissue. B, Enlargement of boxed area in A. 

The epithelium is an unbroken layer of cells that provides a physiological barrier between the interior of the 

organism and the exterior environment. It is anchored between a basal lamina below and a secreted, protective 

cuticle above. Secretory cells are interspersed among the monociliated cells. The connective-tissue layer (or 

compartment) consists of a proteoglycan gel containing collagen fibers and individual connective-tissue cells. 

Both the cuticle and internal ECM function as a skeleton. 
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Connective tissue consists of widely separated, nonadjoin- 

ing cells in an ECM (Fig. 4-1). The ECM component, which 

may be more or less voluminous, consists largely of a proteo- 

glycan gel with embedded protein fibers. The most common 

of these proteins is collagen, probably the most important 

structural protein in animals (Fig. 4-1). In humans, for exam- 

ple, collagen accounts for one-quarter of all protein in the 

body. Collagen fibers associated with connective tissue 

typically have a skeletal function (described below). The ECM 

also provides attachment sites for cells, pathways over which 

cells move, and the appropriate environment for cell differ- 

entiation. Because of these attributes, the ECM plays an 

important role in organizing and maintaining tissues of the 

metazoan body. 

Both internal and external ECMs can be modified to form 

a skeleton. A skeleton is any structure that supports the body 

and transmits the force of muscular contraction. Skeletons 

also provide protection from predation, injury, infection, or 

environmental challenge. Metazoan skeletons usually are 

novel tissue-level structures, unlike those of plants and fungi, 

which are compounded from preexisting, individual cell 

walls. An exoskeleton is a thickened cuticle that becomes 

rigid by chemically cross-linking its proteins (as in insects) or 

by adding mineral to the organic matrix (as in crabs). Simi- 

larly, all or part of the internal ECM, or connective tissue, 

can be stiffened by chemical cross-linking (as in cartilage) or 

by mineral secretion (as in bone) to produce an endoskele- 
ton. (Other types of endoskeletons and derivatives of con- 

nective tissue are described in Chapter 6.) Most metazoans 

have an endoskeleton, exoskeleton, or both. 

REPRODUCTION AND DEVELOPMENT 
Metazoans employ both sexual and clonal (asexual) reproduc- 

tion. Clonal reproduction is accomplished by fragmentation, 

fission, budding, or parthenogenesis. Fragmentation occurs 

when the body breaks up irregularly into several pieces. Fission 

is a more orderly division of the body along the longitudinal or 

transverse axis. Following fragmentation and fission, the 

daughter animals regenerate missing parts. Budding is the 

differentiation of a daughter individual before it detaches from 

the parent body. Parthenogenesis (= virgin birth) is the devel- 

opment of an individual from an unfertilized egg or other 

totipotent cell. 

Metazoans also reproduce sexually. They are diploid organ- 

isms in which meiosis is restricted to the formation of haploid 

gametes, male sperm and female egg, both specialized, polar- 

ized cells. Sexual union of a sperm and egg at fertilization 

restores diploidy and produces a polarized zygote, or fertilized 

egg. The polar axis of the zygote runs between animal and 

vegetal poles (Fig. 4-2A). In most cases, the animal pole corre- 

sponds to the egg’s apical end, the former site of a flagellum 

and microvillar collar that regressed during differentiation of 

the egg (Fig. 4-13B-D). 

The zygote divides by mitosis to produce a multicellular 

embryo, the developmental stage of an organism before it 

adopts the recognizable form of a juvenile or larva. The early 

divisions of the zygote are called cleavages and the resulting 

cells are known as blastomeres. The first two division planes of 

the zygote are typically parallel to the animal-vegetal axis 

(meridional) and the entire zygote is cleaved into two and 

then four blastomeres. Such complete cleavage is termed 

holoblastic cleavage (Fig. 4-2A,B). 

Eggs contain various amounts of yolk distributed in differ- 

ent ways in different taxa. Because yolk increases the size of 

the egg and tends to interfere with cleavage, both the amount 

and distribution of yolk profoundly affect the cleavage pat- 

tern and the shape of the embryo. Microlecithal eggs are 

small cells with little yolk distributed evenly throughout the 

cytoplasm. Such eggs typically undergo holoblastic cleavage 

and produce blastomeres of equal size (equal cleavage; Fig. 

4-2A). Mesolecithal eggs are medium-size cells that contain 

a moderate amount of yolk restricted to the vegetal hemi- 

sphere. They undergo holoblastic, but unequal, cleavage 

(Fig. 4-2B). In these embryos, the blastomeres of the animal 

hemisphere are smaller (micromeres) than those of the yolky 

vegetal hemisphere (macromeres). Macrolecilhal eggs are 

large and very yolky, have unfavorable (low) area-to-volume 

ratios, and do not cleave holoblastically. Instead, incom- 

plete cleavage, called meroblastic cleavage, occurs in a spe- 

cific region of the egg’s surface. Initially, the cleavage-furrow 

membranes are incomplete and do not fully isolate the 

cytoplasm of the blastomeres from the underlying yolk mass. 

Eater, the completed membranes separate a thin cap of cells, 

the blastodisc, from the yolk (Fig. 4-2C). Because it is thin 

and flat, the blastodisc is provisioned by the diffusion of yolk 

nutrients from below and gases from above (Fig. 4-2C). 

Macrolecithal eggs and meroblastic cleavage occur in squids, 

octopuses, certain fishes, birds, and reptiles. Another type of 

incomplete cleavage, called superficial cleavage, typifies the 

macrolecithal eggs of insects and many other arthropods. 

Superficial cleavage will be described in Chapter 16. 

Early embryos typically form a one-cell-layer-thick ball of 

cells called a blastula, which is either hollow (coeloblastula; 

Fig. 4-2A,B) or solid (stereoblastula). After continued cell 

division, some blastomeres move into the interior of the blas- 

tula by a process called gastrulation to form a two-layered 

gastrula. Gastrulation is the first event in morphogenesis, the 

gradual conversion of a more or less uniform embryo into a 

complex, multilayered adult (Fig. 4-15). In most animals 

(but perhaps not sponges), the primary germ layers (outer 

ectoderm and inner endoderm) are established by gastrula- 

tion. Between ectoderm and endoderm is a gelatinous layer 

of ECM known as the blastocoel (Fig. 4-2). Ectoderm, 

endoderm, and blastocoel are the embryonic precursors of 

adult tissues. Eater in development, ectoderm and endoderm 

become the outer (epidermis) and inner (gut) layers, respec- 

tively, whereas the blastocoel is the developmental precursor 

of connective tissue (Fig. 4-14). After the gastrula stage, the 

developing embryo increases in complexity (forms organs, 

for example) and gradually adopts the anatomy typical of 

its species. 

The events that unfold during the developmental period 

from zygote to adult of any individual constitute its ontogeny 

(= origin of being). Because ontogeny has a time course and 

because adaptations in development affect the reproductive 
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FIGURE, 4-2 Reproduction and development: metazoan eggs, early cleavage stages in relation to yolk content, 
and blastulae. A, A small microlecithal egg with a uniform distribution of yolk. B, A medium-size mesolecithal egg 
with yolk concentrated in the vegetal hemisphere. The first two cleavage planes—numbers 1 and 2 in A and B— 
are meridional. The third cleavage plane (number 3) is equatorial. C, A large macrolecithal egg with only a small 
apical blastodisc free of yoik. Cleavage occurs only in the blastodisc. Expanding vertical arrows indicate increasing 
egg size and yolk content. 

success of the adults, natural selection has modified ontoge- 

netic as well as adult stages of metazoans. One common onto- 

genetic modification is a larva. 

A larva is a developmental stage of distinctive form that 

persists for a period of time, lives independently of the adult, 

differs in form from the adult, and occupies a separate ecolog- 

ical niche. Animals with a life cycle that includes a larval stage 

have indirect development. Many aquatic invertebrates, espe- 

cially those in the sea, have a bottom-dwelling (benthic) adult 

and a floating (planktonic) or swimming larva, linked together 

in a biphasic life cycle. The larva is anatomically different 

from the juvenile and adult, reflecting its adaptation to the 

larval, not the adult, ecological niche. Thus, at the close of the 

larval period, the larva must locate and settle in a habitat 

suitable for the adult and then change its form to that of the 

juvenile, an immature form of the adult. This transformation 

is called a metamorphosis (= change of form). Metamor- 

phosis ranges in extent from the gradual addition of new 

structures and slight rearrangement of tissues to a complete 

remaking of the juvenile body from undifferentiated 

embryonic reserve cells (or set-aside cells) housed in the 

larval body. The process by which a juvenile differentiates 

from larval embryonic reserve cells resembles budding. The 

extent of metamorphosis, whether gradual, cataclysmic, or 

intermediate, depends on how far the larval and adult body 

designs have diverged from each other. 
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FIGURE 4-3 Reproduction and development: life history patterns of metazoans. 

The larvae of aquatic invertebrates may be planktonic or, less 

commonly, benthic (Fig. 4-3). The extent of the larval period 

may be short (a few hours) or long (lasting from months to 

over a year). Short-lived larvae that commonly feed on the 

maternal supply of yolk that carries over from the egg into 

the embryonic endoderm are called lecithotrophs (= yolk feed- 

ers). Most long-lived larvae initially are lecithotrophic, but 

soon a functional gut differentiates and the larva then sus- 

tains itself by feeding on plankton. Such larvae are said to be 

planktotrophs. 

Indirect developers whose life cycle includes a plank- 

totrophic larval stage typically produce many microlecithal 

eggs. Because the larvae feed themselves in a different habitat 

(the water column), they do not compete with the benthic 

adults for food and, if they are long-lived, can disperse widely. 

A long planktonic period increases the risk of predation and 

death, but the large number of eggs produced offsets these 

losses. Indirect developers whose life cycle includes a plank- 

tonic lecithotrophic larval stage usually produce fewer eggs 

than do species with planktotrophic larvae, but each egg is 

large and has a substantial amount of yolk. Because the larva 

that arises from such an egg has a fixed amount of food, its 

life span is relatively short, but it is well provisioned. The short 

planktonic existence, moreover, reduces the risk of predation, 

although it allows for only limited dispersal. Some other 

species that have direct development bypass a larval stage 

altogether and their embryos develop directly into juveniles 

(Fig. 4-3). An indirect life cycle with external fertilization and 

planktonic development is believed to be the primitive pattern 

in animals. 

All animals have evolved reproductive adaptations that 

enhance the likelihood of fertilization and the survival of the 

embryo. Adaptations that enhance the likelihood of fertiliza- 

tion focus largely on increasing synchrony (male and female 

gametes are produced and released at the same time) and 

proximity (gametes are released near each other). Synchro- 

nous production and release of gametes are triggered largely 

by environmental signals such as temperature, light, and tides. 

Proximity has been achieved in several ways. Hermaphro- 

ditism, the presence of both male and female gonads in the 

same individual, is a common adaptation where population 

densities are low or where the adults live permanently 

attached to surfaces. In these circumstances, hermaphroditism 

assures that any nearby individual is a potential mate. 

Most hermaphroditic animals cross-fertilize rather than self- 

fertilize because “selfing” limits genetic variation and enhances 

expression of deleterious recessive alleles. Gonochorism 

(dioecy), the occurrence of separate male and female indi- 

viduals, is the opposite of hermaphroditism. 

Many adaptations contribute to the survival of offspring, 

but maternal provisioning of nutrients and physical protection 

of eggs and embryos are among the most important. 

Oviparous species that spawn eggs before or immediately after 

fertilization provide the shortest period of parental protec- 

tion. Viviparous species have internal fertilization, retain 

(gestate) embryos in the maternal body, and release differenti- 

ated offspring, usually larvae or juveniles. The embryos of 

viviparous species receive nutrients either matrotrophically 

(directly from the mother via a placenta, for example) or 

lecithotrophically from yolk stored in the egg. Brooding 

occurs when eggs are released from the mother, but then are 

retained on or taken back into her body. 

FUNCTIONAL CONSEQUENCES 
OF BODY SIZE  

The evolution of multicellular animals from unicellular pro- 

tozoans resulted in many new traits, most of which, includ- 

ing a tissue-level skeleton, are related to the larger body size 

of metazoans. Living organisms occupy a size range extend- 

ing from less than 1 pm to many meters, a span of roughly 

eight orders of magnitude. Within this size range, prokary- 

otic organisms occupy the region from <1 pm to 2 pm, uni- 

cellular protozoans from 2 pm to 0.5 mm (although some 

exceptional species are larger), and multicellular animals 

from 0.5 mm to >1 m. These numbers suggest that funda- 

mental changes in body design might have occurred at 

approximately 2 pm and 0.5 mm. The transition at 2 pm was 

from prokaryotic to eukaryotic cells, while another redesign 

occurred at the 0.5 mm threshold, marking the transition 

from protozoa to Metazoa. The following sections describe 

the structural changes and functional consequences of these 

two transitions. A discussion of body size and locomotion is 
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postponed until Chapter 6, the Introduction to Eumetazoa, 

which were the first animals to evolve muscle and nerve. 

For an intuitive grasp of the different body sizes of prokary- 

otes, protozoans, and metazoans, consider a 1 pm bacterium 

(such as Pneumococcus), a 100 pm protozoan (dinoflagel- 

late), and a 10 cm metazoan (sea urchin), all within a mod- 

est range of six orders of magnitude. If we scale up these 

organisms to the size of familiar objects while retaining 

their sizes relative to each other, they would correspond 

approximately to a mustard seed (Pneumococcus), a grapefruit 

(dinoflagellate), and the Astrodome (sea urchin). Starting 

with the same basic set of building materials, how would 

you design a functional organism at each of these three 

scales? 

SIZE AND COMPARTMENTALIZATION 
Metazoan cell specialization segregates functions (divides 

labor) into separate compartments, similar to the division of 

labor among people in a family, corporation, or society. Each 

individual becomes proficient at a specific essential task 

instead of being a “jack-of-all-trades and master of none.” 

Mastery improves efficiency, the ratio of work output to work 

input. A skilled (specialized) fruit picker, for example, picks 

more fruit per unit time and with greater economy of 

motion than a less skilled (more generalized) novice. But the 

cost of occupational specialization is a loss of self-sufficiency: 

Specialists in different occupations depend on each other for 

the delivery of essential goods and services they themselves 

cannot provide. The efficiency of cell specialization in the 

metazoan body is inevitably linked with the interdependence 

of those specialized, functionally compartmentalized cells. 

Thus, it seems that evolution of large, active metazoans 

relied on simultaneous functional compartmentalization at 

a new cellular level and the functional integration of 

those cells. 

Functional compartmentalization and integration, however, 

are not limited to metazoans. Among protozoans, the compart- 

ments are intracellular organelles, such as the nucleus, Golgi 

body, or mitochondrion. Presumably, the division of labor at 

the level of organelles and the integration of their specialized 

functions by intracellular chemical messengers supported the 

greater size and activity of eukaryotic cells as compared with 

prokaryotic cells. 

The still-larger metazoans inherited the organelles of the 

eukaryotic cell, but then evolved a new level of compartmen- 

talization— the specialization of cells within the multicellular 

body. At the next higher level, functions such as skeletal sup- 

port became associated with aggregates of similarly specialized 

cells known as tissues. Eventually, in the largest, most active 

animals, the hierarchy of functional compartments included 

not only organelles, cells, and tissues, but also organs and 

organ systems. At whatever level, the chemical environment of 

the compartment is regulated by its borders. Marching 

hand-in-hand with each new level of function are systems 

of control and integration, such as the nervous, endocrine, 

and circulatory systems. When muscle tissue first evolved, 

for example, nervous tissue accompanied it to control its 

contraction. 

Functional compartmentalization and integration, in 

general, are important and recurring themes in the 

evolution of metazoans and the remainder of this book. 

As the subsequent chapters unfold, try to correlate the 

levels and degrees of functional compartmentalization 

and integration with the organism’s body size and activity 

level. 

SIZE, SURFACE AREA, 
AND VOLUME 
For any organism of constant shape, a change in body size 

disproportionately changes the body’s surface area in relation 

to its volume. This area-to-volume ratio (S:V) is important 

because any exchange of substances (gases, nutrients, and 

wastes) between an organism and its external environment 

occurs across a surface, and the metabolic demand of a body 

is related to its volume. As a solid three-dimensional body 

becomes larger, its surface area increases in proportion to the 

radius squared (r2), but its volume increases more rapidly, in 

proportion to the radius cubed (r3; Fig. 4-4). Under these 

conditions, the enlarging body will eventually reach a size at 

which its surface area (supply) is inadequate to serve its 

volume (demand). 

What options are available to ensure that supply meets 

demand as body size increases? Consider the different sizes of 

a prokaryotic bacterium, a eukaryotic protozoan, and a meta- 

zoan, all of cubical shape (Fig. 4-4). For a typical 1 pm bac- 

terium, the S:V is 6:1. For a protozoan of 10 pm, the ratio 

drops to 0.6:1, a 10-fold decrease in area for each unit of 

volume. The ratio for a 1 cm metazoan is 0.006:1, a further 

100-fold drop. 

The calculated decrease in S:V for the eukaryotic cell as 

compared with a prokaryotic cell is more fiction than fact. 

This is because eukaryotic cells rarely retain smooth surfaces 

or perfect geometric shapes. Instead, their surfaces are folded 

or bear outgrowths such as microvilli and pseudopodia that 

significantly increase area. Because of these specializations, 

the S:V of a mammalian liver cell is 200,000:1, but it is no 

longer an unadorned cube! Perhaps such measurements indi- 

cate that eukaryotic animal cells, with their enhanced surfaces, 

can supply their volume metabolic demand at a greater rate 

than can prokaryotic cells. In this same sense, perhaps some 

organelles of eukaryotic cells, such as endoplasmic reticulum 

and Golgi bodies, are surface ingrowths (Fig. 2-13B) that 

increase area for the metabolic machinery, thus amplifying 

metabolic capacity (Fig. 4-4B). 

The earliest metazoans inherited surface-enhanced 

eukaryotic cells, but their larger bodies required yet another 

level of improvement in the area-to-volume ratio. The most 

primitive metazoans, similar to choanoflagellate colonies, 

may have achieved this by arranging their cells in a thin two- 

dimensional sheet over a metabolically inert core of ECM 

(Fig. 4-4C inset, 4-12D). Many others, such as sponges or 

earthworms, arrange the cell sheets in the form of hollow 

tubes, or tubes in tubes. Still others, for example flatworms, 

roundworms, and slime molds (Fig. 4-6), are flat and thin or 

long and slender as a means of improving the area-to-volume 

ratio (Fig. 4-5). 
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FIGURE 4-4 Size, surface area, and volume for organisms of three 
different body sizes. A, prokaryotic cell; B, eukaryotic cell; C, metazoan. 
For ease of calculation, each organism is represented geometrically by 
a cube and assumed to be metabolically active from surface to center. 
The surface area available to supply the 1 jxm3 body volume of 
prokaryote cube A is 6 |xm2 (shaded part of unfolded cube); in the 
larger eukaryotic cell cube, B, the surface area to supply each 1 |xm3 of 
body volume is 0.6 p.m2 (shaded part of unfolded cube); in metazoan 
cube C, each 1 |xm3 of volume has only 0.006 jxm2 of supply area (dot in 

unfolded cube). The calculated decline in S:V with increased body size, 
however, is not realized in actuality. As body size increases, organisms 
redesign their bodies to improve the S:V ratio. Eukaryotic cells (B) 
enhance surface area with microvilli, internal membranes, and other 
structures. Metazoans are composed of surface-enhanced eukaryotic 
cells and typically arrange tissues in two-dimensional sheets (epithelia), 
as in this example (C), in which the sheet covers a core of metabolically 
inert ECM. 

FIGURE 4-5 Size, surface area, and volume: body forms that increase the area-to-volume ratio. 
These two shapes —long and slender, thin and flat (center)—greatly improve the S:V ratio over that of 
a sphere (left), but restrict growth to one or two dimensions (right) because of the limits imposed by 
diffusion. 
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SIZE AND TRANSPORT 
Diffusion is a process by which molecules in a liquid or gas 

enter and leave cells and tissues. Diffusion results from the 

random movement of heated (above absolute zero) mole- 

cules of a liquid or gas. Although the motion is random, if a 

particular substance, say 02, is in higher concentration 

outside of a cell than inside, then on average, more Os will 

be entering the cell than leaving it at any moment. The 

concentration difference results in a net movement of 02 

into the cell. 

Diffusion transports substances rapidly at the size scale of 

most cells and certain simple tissues, but is slow over greater 

distances. This is because the time required for diffusion to 

achieve a given concentration (C) is proportional to the square 

of the distance from the source. So, for example, the time 

needed to achieve concentration C at 10 times the distance 

from the source is 102, or 100 times as long. Because of this 

relationship, diffusion is effective only over short distances. 

For aquatic animals, the effective diffusion distance is roughly 

0.5 mm (Fig. 4-7A). This means that a solid, metabolically 

active, cellular body will be diffusion limited at a diameter of 

approximately 1 mm. Notice how close this value is to the size 

at which metazoans departed from protozoans! 

Some metazoans and many protozoans rely on diffusion 

alone for internal transport and for transport between them- 

selves and the external environment (Fig. 4-5). Among the 

protozoans, many of these diffusion-limited organisms are 

tiny—well below 1 mm in diameter. But larger protozoans 

and some larger metazoans have altered the shapes of their 

bodies to remain within the limits imposed by diffusion, 

becoming either slender and threadlike or flat and thin (Fig. 

4-5, 4-6). In both cases, the body radius is small, within the 

scope of diffusional transport, and the surface area of the 

body is large in relation to its volume. Among protozoans, for 

example, are large forams with numerous radiating threadlike 

reticulopods (Fig. 3-30B). Giant multinucleated amebas are 

flat and thin. In fact, the largest known cell (a multinucleated 

arneba) is the slime mold Physarum polycephalum, one speci- 

men of which had an area of 5.54 m2 but was only 1 mm in 

thickness (S:V = 1:1, Fig. 4-6). Metazoan flatworms, such as 

the common planaria, can be as flat and thin as tissue paper. 

Some of the other metazoan worms whose cylindrical bodies 

are cellular from surface to core (roundworms) are as thin or 

thinner than sewing thread. 

For a body that exceeds 1 mm in diameter, diffusion alone 

probably cannot keep pace with metabolic demand. As a 

result, the cells farthest from the surface may die unless there 

is a more effective means of transport (Fig. 4-7B). A circula- 
tory system is an internal transport system that provides a mass 

flow of fluid (called convection) and frees metazoans from the 

body-size and -shape limitations imposed by simple diffusion 

(Fig. 4-7C). Among animals, cilia, muscles, or both circulate 

the fluid. Because the fluid circulates, it can rapidly transport 

metabolites between supplies and demands (Fig. 4-7C), thus 

allowing body sizes far in excess of 1 mm, up to several or even 

tens of meters. 

The metazoan circulatory system may have evolved from 

internalized surface tissue that formed circulatory vessels. This 

initial circulatory system could have been similar to the water- 

filled channels (aquiferous system) that course through some 

sponges (Fig. 4-8A)or the simple invagination of one side of the 

body, as in Hydra and its relatives (the coelenteron; Fig. 4-8B), 

and during gastrulation in the development of most metazoans 

(the archenteron; Fig. 4-14E). Later, bilaterally symmetrical 

animals (Chapter 9) evolved functionally specialized circulatory 

systems called hemal and coelomic systems. Whatever its original 

form, a circulatory system was a precondition for the evolution 

of large body size. 
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FIGURE 4-6 Size, surface area, and volume: a giant specimen of the 

multinucleate plasmodium (single-celled ameba) of the slime mold 

Physarum polycephalum, shown as an extreme example of a diffusion- 

limited body. This specimen has an enormous surface area, in excess of 

5.5 m2, but is only 1 mm in thickness (S:V = 1). The slime mold in the 

photograph has a wavy outline and is growing on nutrient medium in 

the form of a W. 

SIZE AND METABOLISM 
In considering the changes that occurred as protozoans 

evolved into large metazoans, we might ask how the power- 

consumption (metabolic) rate of metazoans compares with 

that of protozoans. Is larger body size accompanied by a 

discount or a tax on power consumption? What, if any, rela- 

tionship exists between body size and metabolic rate? 

Generally, metabolic rate increases with body size — big- 

ger animals consume more power per unit time than smaller 

animals (Fig. 4-9 on p. 67). But as body size increases, each 

additional unit of mass requires less than one additional unit 

of power. For example, a large metazoan composed of 10,000 

cells consumes more energy per unit time than a single- 

celled protozoan does, but not 10,000 times more energy. If 

it did, the slope of the lines in Figure 4-9 would be 1.0 

instead of 0.75. Stated another way, the metabolic rate of that 

single protozoan cell exceeds that of any 1 of the 10,000 

metazoan cells. So, although a huge elephant consumes 

power at a greater rate than a tiny shrew, 1 gram (g) of shrew 

tissue consumes more power than 1 g of elephant tissue 

does. On average, small animals have a greater mass-specific 
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FIGURE 4-7 Size and transport: diffusion and circulation in aquatic 
organisms. Limit to diffusion in aquatic organisms. The spheres in 
A and B represent an aquatic metazoan composed of metabolically 
active tissue from surface to center. Wedges in A-C: The supply 
concentration of an essential substance is indicated by the density of 
the dots outside of the organism. Wedge in A: As that substance 
diffuses at a fixed rate toward the center of the body, the tissues along 
the diffusion path consume the substance and reduce its concentration. 
Wedge in B: Because the tissues consume the substance along the entire 
path, at some distance from the surface the concentration drops to 
zero. Beyond that point, diffusional supply cannot keep pace with the 
demand of the deeper tissues. Although the actual distance over which 
diffusion can effectively transport metabolites depends on the initial 
concentrations of those metabolites, the metabolic rate of the tissue, 
and other variables, the rule of thumb is that the effective diffusion 
distance for aquatic organisms is approximately 0.5 mm (wedge in A). 
C shows how a circulatory system offsets the size limit imposed by 
diffusion. Circulation of fluid transports substances to within the 
diffusion range (0.5 mm) of tissues. 

power consumption than large animals. So large animals 

might be said to receive a mass-specific discount in power 

consumption. 

Further examination of Figure 4-9, however, suggests 

another important relationship. Although the lines represent- 

FIGURE 4-8 Size and transport: two types of circulatory systems 
in primitive metazoans. A, A unidirectional flow-through system in 
a sponge. B, Bidirectional, or circuitous, circulation in a polyp, such as 
a Hydra or sea anemone; exchange at the mouth is infrequent and 
intermittent. 

ing protozoa, cold-blooded Metazoa (poikilotherms), and 

warm-blooded Metazoa (homeotherms, the birds and mam- 

mals) share the same slope (0.75), they are offset from each 

other because each has a different y-intercept The offset 

between the protozoans and metazoan poikilotherms repre- 

sents the 8-times-greater power consumption of a metazoan 

as compared with a protozoan of equal mass. Similarly, the 

offset between the poikilotherm and homeotherm lines shows 

the 29-times-greater power consumption of a homeotherm vs. 

a poikilotherm of equal weight. What accounts for these step- 

wise increases in power consumption? 

The 29-fold increase at the transition from poikilotherms 

to homeotherms represents the cost of maintaining a 

constant body temperature. Flomeotherms pay more in fuel 

costs than poikilotherms, but by maintaining a constant 

body temperture they can remain active over a wide 

range of environmental temperatures. Why does power con- 

sumption jump 8-fold with the evolution of metazoans from 

protozoans? Why does it require 8 times more energy 

to power a metazoan than a protozoan of equivalent 

size? To arrive at a hypothesis, we should search for a 

uniquely metazoan feature that creates a new and constant 

power demand. Of all the metazoan traits reviewed in 

this chapter, the one that qualifies best is the extracellular 

circulatory system. Metazoans may pay a surcharge for the 

power needed to circulate fluid using cilia, muscles, or both, 

and ultimately for the evolution of large body size. 
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FIGURE 4-9 Size and metabolism: relationship 

between metabolic (power-consumption) rate and body 

weight (mass) in protozoans, cold-blooded metazoans, 

and warm-blooded metazoans. Power consumption 

increases with body size, but at a rate of less than 1 unit 

of power for each additional unit of weight; thus the 

slope is less than 1.0 (0.75). The 8-times increase in 

metabolic rate at the transition from protozoans to 

metazoans and the 29-times increase from cold-blooded 

to warm-blooded metazoans probably reflect the costs 

of a circulatory system and warm-bloodedness 

(homeothermy), respectively. See text for further 

explanation. (Modified and redrawn from Peters, R. H., 1983. 

The Ecological Implications of Body Size. Cambridge University 

Press, Cambridge. 329pp.) 

Because that surcharge is not insignificant, we might 

now ask, What benefits result from the evolution of large 

body size? 

ADVANTAGES OF LARGE BODY SIZE 
The large body size of metazoans confers a mass-specific 

discount on metabolic rate and presumably other advantages 

over small-bodied protozoans. Large body size may have 

lowered metazoan vulnerability to protozoan predation. 

Although protozoans might still have grazed on metazoans, 

the likelihood is slim that a protozoan would engulf an 

entire animal. (Some very small metazoans, such as rotifers 

and gastrotrichs, are eaten by protozoans, however.) It is 

more likely that metazoans, because of their larger bodies 

and tissue specializations, became efficient at eating proto- 

zoans, thereby gaining an important advantage. Metazoan 

sponges and protozoan choanoflagellates, for example, both 

filter feed with similar collar cells, but sponges can consume 

particulates, including eukaryotic cells, in the submicrome- 

ter to 50 pun (or larger) size range, whereas choanoflagel- 

lates are restricted to the smallest particulates. Sponges can 

exploit this wider range of food sizes because their food filter 

is not restricted to the collar cell alone, but also includes 

a tissue-level (multicellular) component not available to the 

protozoan. Large metazoans can also move at greater speeds 

than small organisms can (see Movement and Body Size, 

Chapter 6). 

Another advantage, shared with colonial protozoans, is that 

multicellularity buffers the individual against environmental 

damage and loss. Multicellularity and regenerative ability 

enable the body to tolerate the loss of some cells to, for exam- 

ple, novel toxins ingested with food or grazing predators, 

which damage or destroy some cells, but do not kill the 

individual. 

ONTOGENY AND PHYLOGENY 
Unlike protozoans, metazoans have an ontogeny, a develop- 

mental time course over which growth and differentiation 

convert the zygote to a multicellular adult body. The fact that 

metazoan ontogeny consists of developmental stages, the 

variations of which are subject to natural selection, creates 

a near-limitless potential for the evolution of new forms. For 

example, consider the life cycle of a segmented worm that 

includes a benthic adult and a planktonic larva. Random 

variation resulted in sexually mature larvae or juveniles 

that reproduced, but never grew to the adult form. Such 

a variant was favored by natural selection, perhaps because it 

exploited a novel environment, and the new species resem- 

bled the larva or juvenile, not the adult, of the ancestral 

species (Fig. 4-10). Or, consider a curious example from the 

toothed whales (dolphins, orcas, sperm whales). During tooth 

morphogenesis, there occurred variants in which one incisor 

tooth grew either at a faster rate or for an extended period 

of time, resulting in an enormous unicorn-like tusk. That 

tusk proved adaptive and was selected for, perhaps because it 

was a potent sexual signal, and a new whale species evolved 

(the narwhal) with one tooth that far exceeded the size of 

the equivalent tooth in the ancestor. In both worm and 

whale examples, the variants arose from a change in timing 

of developmental events. In the worm, sexual maturity 
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A interstitial species 

B Schistomeringos D Dinophilus 

FIGURE 4-10 Ontogeny and phytogeny: 
heterochrony. A, Pedomorphosis in the evolution of 
a smatl-bodied species associated with colonization of 
the pore spaces between sand grains (an interstitial 
habitat). B, Pedomorphosis in the evolution of a small- 
bodied descendant that retains larval ancestral traits 
(lack of appendages, ciliated whorls) in a family of 
segmented worms (Dorvelliidae, Polychaeta). Cladistic 
analysis (not shown here) indicates that the ancestor 
had a large body and appendages similar to those of 
the animal (Schistomeringos) shown in B. The 
pedomorphic descendant species (Dinophilus), shown 
in D, has a small body lacking appendages, but 
bearing whorls of cilia similar to the ciliary whorl of a 
larval stage (C). (A, B, andDfrom Westheide, W. 1987. 
Progenesis as a principal in meiofauna evolution. J. Nat. 
Hist. 21:843-854. © 1987 Taylor & Francis, Ltd.; C from 
Dawydoff C. 1928. Traite d’Embryologie Comparee des 
Invertebres. Masson, Paris. 930 pp.) 

appeared sooner rather than later in the life cycle; in the 

whale, there was an increase in the rate or period of develop- 

ment of an organ or structure. 

Such changes in the timing of developmental events 

are described by a phenomenon called heterochrony 

(— changed time). Because heterochrony can occur at any 
stage in the developmental period and affect any com- 

ponent of the body, including body size, it permits radical 

(as well as moderate) evolutionary change. Heterochrony is 

divided into two general categories based on the form of 

descendants in relation to their ancestors. If the trait of the 

descendant species resembles an ancestral developmental 

trait and thus is larval or juvenile in form, the type of 

heterochrony is called pedomorphosis (= restrained 

shaping). The segmented worm described above and in 

Figure 4-10 is an example of pedomorphosis (or paedomor- 

phosis). On the other hand, if the descendant’s trait 

develops to an extent beyond that found in the ancestor, it is 
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FIGURE 4-11 Ontogeny and phylogeny: heterochrony. The forms of 

pedo- and peramorphosis, as illustrated by the descendants of a 

fictitious ancestral metazoan (boxed, center). All six forms of 

heterochrony arise as timing variations in the ancestral ontogeny. 

Specifically, variations occur in the rate of development, the period of 

development, or the onset (start time) of one or more traits. In this 

example, four traits are affected: body segments, eyes, appendages, and 

gonad differentiation (maturity). Ali changes are in reference to 

ancestral ontogeny. Progenesis: developmental rate is unchanged, but 

an early onset of gonad differentiation arrests further body (somatic) 

development, thus shortening the developmental period. Neoteny: 

the developmental period and onset are unchanged and the rate of 

gonad differentiation also is unchanged, but the rate of somatic 

differentiation is slowed. Postdisplacement: the period and rate of 

development are unchanged, and the onset of gonad differentiation 

also is unchanged, and the onset of somatic differentiation is delayed. 

Hypermorphosis: developmental rate and somatic onset are unchanged, 

but the developmental period is extended and the onset of gonad 

differentiation is delayed. Acceleration: developmental period and onset 

are unchanged, but rate of somatic differentiation is increased. 

Predisplacement: developmental period and rate are unchanged, but 

onset of differentiation is early. 
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called peramorphosis (= extended shaping). The narwhal’s 

enormous tooth is an example of peramorphosis. 

Pedomorphosis often results in descendants that are 

smaller and anatomically simpler than their ancestors. Small 

body size and short generation time (because the develop- 

mental program has been truncated) typify many species that 

have colonized unpredictable or changeable environments 

such as temporary pools, and perhaps the plankton commu- 

nity. Pedomorphosis is also common among symbiotic 

species, such as certain parasitic barnacles (Fig. 19-83). In 

these, the nonpedomorphic female is modified to absorb 

nutrients from the host and to produce the myriad eggs and 

offspring necessary to infect new hosts. Compared with the 

female, the pedomorphic male is a dwarf, little more than 

a sexually mature larva, parasitic on the female, whose only 

role is to provide sperm to fertilize the female’s eggs. Being 

tiny, the male does not compete substantially with the female 

for the host’s nutritional resources, allowing her to direct 

more food-energy to egg production. Finally, pedomorphic 

descendants of large-bodied ancestors have colonized 

entirely new habitats. As shown in Figure 4-10, heterochrony 

in a family of segmented worms (polychaetes) enabled the 

small-bodied pedomorphic descendant to colonize the 

minute water-filled spaces between sand grains (an intersti- 

tial community). 

Peramorphosis typically results in descendants that are 

larger and anatomically more complex than their ancestors. 

Much of the story of metazoan evolution, as we have indi- 

cated throughout this chapter, is the achievement of large 

body size. Large body size and long generation times should 

be favored in constant or predictable environments such as 

the deep sea, upwelling areas of the sea, and coral reefs. 

Other advantages of large body size were discussed earlier in 

this chapter. 

Throughout this book, we will use the terms pedomorpho- 

sis and peramorphosis to describe significant and appropriate 

examples of heterochrony. You should be aware, however, 

that each of these categories is divided into three subcate- 

gories based on the exact form of heterochronic change. 

In the worm example, the morphogenesis of a functional go- 

nad in the larval stage of the ancestral life cycle was a case of 

pedomorphosis. But the occurrence of a gonad at that early 

developmental stage could have resulted from progenesis, 

a normal (ancestral) rate of development with an early onset 

of sexual maturity, thus arresting further development of the 

nonreproductive (somatic) parts of the body; neoteny, a nor- 

mal (ancestral) duration of development leading to sexual 

maturity with a decreased developmental rate of somatic 

structures, meaning that differentiation of the body lags per- 

manently behind reproductive development; or postdisplace- 

ment, a normal (ancestral) rate and period of development 

with a delayed onset (postponed start of differentiation) of 

somatic structures, resulting again in a sexually mature juve- 

nile body. These three forms of pedomorphosis and the 

similar categories of peramorphosis are summarized in Figure 

4-11. Although they are easy to define in theory, these cate- 

gories are difficult to distinguish in practice and, for that 

reason, we use only the general terms pedo- and peramorpho- 

sis in this book. 

EVOLUTIONARY ORIGINS 

ORIGIN OF METAZOA 
Most zoologists agree that metazoans share a common ances- 

try with some unicellular organism. The classical colonial 

theory, in which Metazoa is derived from a colony of flagel- 

lated protozoa, is the most widely accepted hypothesis among 

contemporary zoologists (Fig. 4-12). AJI alternative hypothe- 

sis, the syncytial theory, proposes that metazoans evolved 

from a multinucleate but unicellular plasmodium similar 

to a slime mold or perhaps a ciliate protozoan. Later, 

membranes evolved to produce a cell boundary around each 

of the nuclei. The syncytial theory receives some support 

from the development of organisms such as slime molds 

or insects (Drosophila), in which an early multinucleated stage 

is followed by cellularization to form a multicellular body. 

However, phylogenetic analysis based on morphology and 

gene sequences as well as the developmental patterns of most 

animals contradict the syncytial theory and favor the colonial 

theory. For these reasons, we consider only the colonial 

theory here. 

A modern version of the colonial theory states that 

the premetazoan (a protozoan) consisted of a small spherical 

colony bearing a surface layer of flagellated cells that was used 

for locomotion and feeding (Fig. 4-12C). The colony origi- 

nated from a cell that divided repeatedly by mitosis, but the 

daughter cells did not separate after cell division. Those 

daughter cells were surrounded and held together by a pro- 

teinaceous ECM in which they were deeply embedded. The 

gelatinous ECM also occupied much of the interior of the 

sphere. Similar to extant choanoflagellates, the cells each bore 

a single collared flagellum. A few nonflagellated cells, capable 

of giving rise to flagellated cells and gametes, were scattered 

in the subsurface ECM (Fig. 4-12C). 

Several facts support such a flagellate ancestry. Flagel- 

lated, or monociliated, collar cells — cells with a single fla- 

gellum and collar of microvilli — are widespread in meta- 

zoans, and the ciliated cells of lower metazoans, particularly 

sponges, jellyfishes, sea anemones, and corals, are exclu- 

sively monociliated (Fig. 4-13B). Molecular and morphologi- 

cal data both indicate that choanoflagellates and metazoans 

are sister taxa. An ECM to which cells are attached and 

through which they move is nearly universal in metazoans. 

Cellular specializations, such as eggs and sperm, have 

evolved in some colonial flagellates, such as the spherical, 

colonial Volvox. 

Although it is unrelated to metazoans, Volvox is an analog 

for an ancestral metazoan because it demonstrates how a mul- 

ticellular organism evolved from a unicellular ancestor, in this 

case a Chlamydomona&AWo cell. Volvox is not the ancestor of 

Metazoa, but rather is an autotrophic organism with plantlike 

ceils. rRNA sequence data indicate that multicellularity in 

Volvox evolved 50 to 75 million years ago, far too late for it to 

have been a progenitor of metazoans, which had their origin 

at least 600 million years in the past. Thus, the volvocids 

evolved multicellularity in parallel with the metazoans (and 

with at least four other groups: fungi, brown algae, red algae, 

and green plants). 



Evolutionary Origins 71 

Choanocyte 

ecm 

Ameboid 
cell 

ecm 

FIGURE 4-12 Origin of Metazoa: choanoflagellate colonies' metazoan evolution. A and B, different forms 

of the thoanoflagellate colony Proterospongia haeckeli. C, A hypothetical premetazoan based on the 

choanoflagellates in A and B. D, A hypothetical protometazoan showing cellular specialization along an 

anterior-posterior axis. Surface cells are bound together and in mutual contact, thus allowing physiological 

regulation of the interior of the body. 

The actual sister taxon of Metazoa is most likely 

Choanoflagellata. Among the extant choanoflagellates, 

colonies of Proterospongia haeckeli (Fig. 4-12A,B) closely 

resemble the hypothetical premetazoan (Fig. 4-12C). The 

colony consists of flagellated collar cells embedded in 

the surface of a gelatinous ECM. Cells undergoing division 

and lacking flagella occur deeper in the ECM (Fig. 4-12B). 

A surface sheetlike layer of cells and an ECM containing 

individual free cells foreshadow the two primary metazoan 

tissues, epithelial and connective, described earlier in this 

chapter. At the cellular level, choanoflagellate collar cells 

are virtually identical to collar cells (choanocytes) found in 

the metazoan sponges. A choanoflagellate cell and sponge 

choanocyte both have a single flagellum surrounded by 

a collar of microvilli and a flagellar shaft with a bilateral 

finlike vane (Fig. 4-13). In both, the flagellum is anchored 

in the cell by microtubules, which radiate from the flagellar 

basal body. 

The hypothetical first metazoan, the protometazoan 

(Fig. 4-12D), may have differed from the premetazoan (Fig. 

4-12C) in several ways. First, the surface cells probably 

closely adjoined or were in contact with each other, thus 

facilitating intercellular communication and providing a 

regulatory barrier between the external environment and 

the ECM in the interior of the body. Second, the close 

association of adjacent cells largely excluded the ECM from 

between the cells, thus separating the ECM into external 

and internal layers, each of which could then adopt inde- 

pendent functions (Fig. 4-12D). Third, the body was polar- 

ized along the anterior-posterior axis. Fourth, the separation 

of layers and body polarity promoted cell specialization 

(Fig. 4-12D). 

ORIGIN OF POLARITY AND 
CELL SPECIALIZATION 
Most motile protozoans are polarized cells that have leading 

(anterior) and trailing (posterior) ends or, if sessile and 

attached, they have oral free ends and aboral attached ends. 

Metazoans are similarly polarized, depending on whether they 

are motile or sessile, but how did the polarity of the multicellu- 

lar metazoan body evolve from the unicellular polarity of pro- 

tozoans? A clue to the answer is found in the eggs of several 

groups of metazoans. During oogenesis in these groups, the 

eggs express a rudimentary flagellum and a collar of microvilli 

at a site on the cell surface that corresponds to the animal pole 

of the zygote (Fig. 4-13B-D). In certain invertebrate taxa, the 

animal pole corresponds to the anterior end of the larva 

(although it is the posterior end in others). Additional 

research is needed, but the current evidence suggests a line of 

descent from the polarity of a choanocyte to the primary ante- 

rior-posterior polarity of the metazoan body (Fig. 4-13). 

The protometazoan probably was polarized along an 

anterior-posterior axis, but what environmental conditions 

might have selected for the evolution of such polarity? For an 

aquatic metazoan, the environment presents itself in gradients 

of light, temperature, oxygen, and food availability. If, for 
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FIGURE 4-13 Origin of metazoan polarity. A, Primitive collar cell with 
a flagellar vane, as occurs in protozoan choanoflagellates and metazoan 
sponges. B, Choanocyte-like monociliated cell from the surface epithelium 
(epidermis) of an anemone larva (Cnidaria), showing its power stroke in 
the direction of the accessory centriole. C, Early oocyte of a sea cucumber 
(Echinodermata) showing a low collar and rudimentary cilium; D, Sea 
cucumber zygote in the same orientation as the oocyte in C. Note that the 
animal and vegetal poles correspond to the apex and base, respectively, 
of the epithelial cell in B. E, A typical metazoan sperm showing its 
polarity in relation to an epithelial spermatogonium from which it arose. 
F, Anterior end of a simple larva (Cnidaria). Note the position of the 
accessory centrioles, which indicate posteriorly directed ciliary effective 
strokes and thus forward movement in an anterior direction. (B, Modified 

and redrawn from Rieger, R M. 1976. Monociliated epidermal cells in 

Gastrotricha: Significance for concepts of early metazoan evolution. Z. zool. Syst. 

Evolut.-forsch. 14:198-226; C-E, Modified from Frick, J. E., and Ruppert, E. E. 

1996. Primordial germ cells of Synaptula hydriformis (Holothuroidea: 

Echinodermata) are epethelial flagellated-collar cells: Their apical-basal polarity 

becomes primary egg polarity. Biol. Bull. 191:168-177, and Frick,f. E., and 

Ruppert, E. E. 1997. Primordial germ cells and oocytes of Branchiostoma 
virginiae (Cephalochordata, Acrania) are flagellated epithelial cells: Relationship 

betioeen epithelial and primary egg polarity. Zygote 5:139—151.) 

example, the availability of food is related to light (through pho- 

tosynthesis), natural selection would favor any variant individual 

capable of detecting and following a light gradient. This is best 

accomplished with a direction-sensitive sensory capability cou- 

pled with a directional (polarized) locomotory system. Thus, 

selection may have favored any organism capable of tracking a 

resource concentration gradient. Alternatively, developmental 

biologist Lewis Wolpert suggests that body polarity evolved from 

attachment to a substratum. Attachment to a rock in water, for 

example, places an organism at an interface, a very steep gradi- 

ent. Once attached, variants would be favored that adhere well 

at the attached end and perform other tasks, such as feeding, at 

the opposite end. This again leads to a polarized body. 

Once polarity was established, movement would create an 

environmental gradient along the locomotory axis that would 

favor differential expression of traits (Fig. 4-12D). For exam- 

ple, enhanced membrane sensitivity to environmental stimuli 

might be favored in cells at the anterior end of the body 

because they are the first to encounter changes in environ- 

mental conditions. Similarly, enhanced flagellar growth, 

density, or activity might be favored in cells at the equator, or 

widest part of the body, since those locations best contribute 

to locomotion. Cells with a capacity for division, leading to 

growth, might be favored at the pbsterior end, because in that 

position they contribute to and interfere least with locomo- 

tion. Thus, motility along a polar axis may itself promote 

cellular specialization because the cells occupy different fixed 

positions in an environmental gradient (Fig. 4-12D). 

According to a hypothesis by developmental biologist Leo 

Buss, the origin of metazoan cell specialization may be 

related to a conflict between the demands for growth and 

locomotion. Volvox, Proterospongia, and planktonic blastula 

stages of metazoans require flagellated surface cells for loco- 

motion, but most flagellated cells cannot divide by mitosis be- 

cause the centrioles needed to form the mitotic spindles are 

already in use as the flagellar basal bodies. A metazoan flagel- 

lated cell can divide only after the flagellum regresses and its 

basal bodies are freed to form the mitotic apparatus. Thus, the 

options for growth in a premetazoan composed solely of fla- 

gellated cells (for example, the species of Proterospongia in Fig. 

4-12A) are: (1) enlargement of existing cells; (2) disassembly 

of flagella, cell division, and then flagellar reassembly; (3) divi- 

sion of a few cells scattered throughout the embryo while oth- 

ers retain flagella; or (4) division of a few localized cells set 

aside for growth (Fig. 4-12B-D). Option 1, because of the 

restricted number of cells, limits ultimate body size, although 

Volvox daughter colonies and a few postembryonic micrometa- 

zoans grow by cell enlargement only. Option 2, by requiring 

the regression of flagella, compromises locomotion. Options 3 

and 4 both permit growth and locomotion, but most inverte- 

brate metazoans have adopted option 4. The setting aside of 

mitotically active cells enables metazoan growth without 

compromising locomotion (Fig. 4-12B-D). (A related evolu- 

tionary event was the setting aside of germ cells capable of 

meiosis.) 

Surface flagella are a functional necessity for locomotion in 

the protometazoan, but what is the optimal position for the 

set-aside growth cells? Buss suggests that placement at the 

surface might have resulted in overgrowth of locomotory cells 

or growth of a tumorlike appendage, either of which would 

negatively affect motility. Internalizing the growth cells, 

however, would neither distort the body surface nor interfere 

with the locomotory cells. Perhaps for these reasons the 

protometazoan did internalize its growth cells and the process 

was preserved, as gastrulation, in its descendants (Fig. 4-14; 
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FIGURE 4-14 Origin of cell and tissue specialization: segregation patterns of growth cells in hypothetical 
protometazoans. A, Blastula-like developmental stage of a hypothetical organism; B, Hypothetical blastula-like 
organism that does not grow because its cells retain locomotory cilia and thus cannot divide by mitosis. C-E, 
Growth by internalizing nonflagellated mitotically active cells in three simple hypothetical metazoans. The 
patterns in C-E also represent three basic forms of gastrulation in actual animals. Cf multipolar ingression; D, 
unipolar ingression; Ef invagination (or emboly). Note how the embryonic blastocoel (ECM) is equivalent to adult 
connective tissue. (Based on ideas in Buss, L. W. 1987. The Evolution of Individuality. Princeton University Press, 
Princeton, NJ. 201 pp.) 

also see Reproduction and Development in this chapter). An 

internalization of cells capable of mitosis also evolved in Volvox 

and Proterospongia haeckeli (Fig. 4-12B). A colony of P. haeckeli 

grows by the addition of new surface choanocytes that origi- 

nate by mitosis of cells in the subsurface gel. Similarly, 

colonies of Volvox consist of a thousand or more flagellated 

surface cells and invaginated subsurface pockets of nonflagel- 

lated dividing cells (gonidia). The gonidia can give rise to 

either new colonies or germ cells. 

The simultaneous requirement for locomotion and growth 

in early metazoans favored a body with two layers of differenti- 

ated cells (Fig. 4-12D). The layering of cells established tissues 

(as described earlier in Cells, Tissues, and Skeletons) and an 

exterior-interior gradient. The surface cells had direct access 

to gases and other raw materials, but were constrained by the 

requirements for locomotion and for interfacing with the 

external environment. The interior cells, liberated from direct 

interaction with the environment, became specialized for 

reproduction, nutrient storage, and, with the evolution of 

a gut, the digestion of food. 

ORIGIN OF COMPLEXITY 
Evidence supports the hypothesis that metazoans evolved 

from protozoan colonies in which initially similar cells 

became specialized for different functions. If so, the evolu- 

tion of Metazoa can be described as a replication of similar 

units (cells) followed by unit specialization and integration 

into an organism at a new, higher level of complexity. 

This replication-specialization-integration of units sequence 

is a general pattern in the evolution of large body size and 

complexity. An example, as we have seen already, is the 

replication, specialization, and integration of cilia on the 

body of many ciliates, which are among the largest, most 

diverse, most active, and most complex protozoan cells. 

Among metazoans, one example is a body composed of a 

series of similar segments, as in earthworms or crustaceans. 

Later, these segments become specialized and integrated 

into regions, such as the head, thorax, and abdomen. Exam- 

ples at all levels of biological complexity are illustrated and 

described in Figure 4-15. 
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PORIFERAp  
Sponges are a conspicuous and colorful component of many 

seascapes. The attached, often upright sponges are to coral 

reefs, sea grottoes, and floats what stalagmites and stalactites are 

to terrestrial limestone caves, except that sponge colors are as 

vivid and varied as those of van Gogh’s flowers. When we look at 

sponges underwater in tropical seas, it seems a stretch to admit 

these motionless organisms with their irregular, often branched 

bodies to the pantheon of animals. Yet despite their superficial 

similarity to plants, they are indeed animals, but, like plants, 

they capture and concentrate dilute resources using their large 

surface area. Instead of relying on leaves and roots to trap light, 

C02, and water for photosynthesis, sponges have expanded 

their surfaces to catch the orgafiic food particles suspended in 

seawater. Other, higher metazoans also evolved the ability to sus- 

pension feed, but sponges were surely the first to do so, and 

they continue to enjoy undiminished success. This chapter ex- 

plores the functional design and diversity of these strange but 

engaging animals. 

Sponges evolved a multicellular body uniquely specialized 

for filter feeding, the separation of suspended food particles 

from water by passing them through a mesh that strains out 

the food. The body is unique because it continuously remolds 

itself to fine-tune its filter-feeding system. This constant 

rearrangement of tissues is brought about by the ameboid 

movements of cells that wander throughout the sponge, adopt 

new positions, and change from one differentiated form to 

another. Such dynamic tissues and totipotent cells suggest that 

sponges are an intermediate form between protozoan colonies 

and other metazoans in which tissue and cell specializations 

tend to be more permanent. Because of its intermediate 

evolutionary status, Porifera generally is considered to be the 

sister taxon of the remaining Metazoa (Eumetazoa). 

As the name Porifera (= pore bearers) suggests, the sponge 

body is exceptionally porous. Water enters through the pores 

and flows throughout the body in a system of flagellated canals. 

Food and other metabolites are removed from the water flow 

for use by the sponge. Adult sponges are sessile and attached 

organisms, although some are capable of limited movement of 

the body or its parts. The connective tissue is well developed 

and typically forms a complex and often elegant skeleton. 

Sponges range in size from a few millimeters to more than one 

meter in diameter and height (as in, for example, loggerhead 

sponges). The body symmetry may be radial (sphere, cone, 

cylinder), but asymmetry predominates. Indeterminate growth, 

enlargement without a fixed upper size limit, is common. 

The growth forms may be massive (thick), erect, branching, or 

encrusting, depending on the species and environmental 

conditions (Fig. 5-1). Many species are brightly colored red, 

FIGURE 5-1 Porifera; growth forms 

of sponges and their relationship to 

microhabitat. A, Two massive sponges 

on top of a calcareous rock require an 

exposed surface, but their elevated form 

enables them to utilize water well above 

the substratum. The attachment area is 

a relatively small part of their total body 

surface. B, The encrusting sponges below 

the rock use much of their surface for 

attachment, but their low encrusting form 

enables them to exploit the limited space 

of crevices. C, The sponge on the cutaway 

vertical rock surface at the left actually 

utilizes space in the substratum. Arrows 

indicate water flow through the sponges. 
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purple, green, yellow, or orange, but some are brown or gray. 

The color results from cell pigments or endosymbionts. 

Approximately 8000 species of sponge have been described. 

Most are marine, and they abound in seas wherever rocks, 

shells, submerged timbers, or corals provide firm sites of 

attachment. Some species, however, anchor in sand or mud. 

Most prefer relatively shallow water, but some taxa, including 

most glass sponges, live in deep water. Some 150 species have 

colonized fresh water. 

FORM 
The filter-feeding body of a sponge is built around one of 

three anatomical designs: asconoid, syconoid, or leuconoid. 

The simplest of these, the asconoid design, is a hollow 

cylinder attached by its base to the substratum (Fig. 5-2A, 

5-3A). The body surface is covered by a monolayer of flat 

cells called the pinacoderm (= platter skin). The hollow inte- 

rior, the atrium or spongocoel, is lined with a monolayer of 

Osculum 

Atrium 

Choanoderm 

Ostium 

Choanocyte chamber 
Incurrent canal 

Choanoderm 

Prosopyle 

Ostium 

Excurrent canal 

Apopyle 

Choanocyte chamber 
Prosopyie 

Incurrent canal 

Ostium 

FIGURE 5-2 Porifera: relationship between body design and body size. A, Asconoid design, a simple cylinder 
approximately 1 mm in diameter, limits sponges to small body sizes. Water flow is created by the flagellated 
choanoderm. Because these flagella move water effectively only near the choanoderm surface, an increase in 
body diameter, as shown in B, would create a volume too large to be pumped by the flagella unless wall 
thickness increased or the body was redesigned. Large body size resulted from a change in design. C, The 
syconoid design, which results in sponges in the centimeter size range, improves the area-to-volume ratio by 
alternating surface inpockets with interior outpockets. D, In the leuconoid design, the flagellar pumps occur 
in thousands of spherical chambers and the water volume is restricted to minute capillary-like vessels that enter 
and leave the chambers. Leuconoid sponges can reach large sizes, in excess of 1 m. 
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FIGURE 5-3 Porifera: living sponges of asconoid, syconoid, 
and leuconoid design. A, The asconoid calcareous sponge, 
Leucosolenia sp. (length ~1 cm); the asconoid calcareous 
sponge Clathrina coriacea (each tube in network ~1 mm in 
diameter); B, the syconoid calcareous sponge Sycon bar- 
badensis (~3 cm in height); C, the leuconoid demosponge 
Niphates digitalis (~30 cm in height). 

flagellated collar cells called choanoderm (= collar skin). 

Many small pores, known as ostia (sing., ostium) perforate the 

cylinder wall. A larger opening, the osculum (pk, oscula), is 

situated at the upper, free end of the body. The flagellated 

choanoderm creates a unidirectional water flow that enters 

the ostia, passes over the choanoderm en route to the atrium, 

and exits through the osculum. This circulatory system of 

choanoderm, pores, and chambers is called an aquiferous 

system. 

All asconoid sponges are small and have cylindrical, or 

tubular, bodies, which typically do not exceed a diameter of 

1 mm. Species of Leucosolenia may be a single tube or a cluster 

of tubes joined at their bases, whereas Clathrina species form a 

network of tubes (Fig. 5-3B). The asconoid design limits body 

size because growth in diameter produces an unfavorable 

area-to-volume ratio. The amount of water flow through the 

asconoid atrium (a volume) depends on the flagellated choan- 

oderm (a surface). Because volume increases faster than 

area with growth, the body volume soon exceeds the pump- 

ing capacity of the choanoderm (Fig. 5-2B; see Chapter 4 for 

a general discussion of area and volume). Thus the attain- 

ment of larger body sizes in sponges required a change of 

design. 

One such innovation, the syconoid design (Fig. 5-2C, 

5-3C), increased surface area and reduced atrial volume by 

forming alternating inpockets and outpockets of the body 

wall. The arrangement can be visualized by interdigitating the 

extended fingers of your two hands and imagining that your 

fingers are hollow. The outpockets of the choanoderm are 

called choanocyte chambers (or radial canals). The inpockets 

of the pinacoderm are incurrent canals. Incurrent canals dis- 

charge into the choanocyte chambers via numerous small 

openings known as prosopyles (= front gates). At the outer 

surface of the sponge, water may enter the incurrent canals 

directly or first pass through a narrow ostium formed by a sec- 

ondary growth of tissue. Thus, water flow in the syconoid 
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aquiferous system generally follows the route: ostia —* 

incurrent canals —> prosopyles —> choanocyte chambers —* 

atrium —» osculum. This new design decreases the volume 

of the atrium and increases the area of flagellated choano- 

derm. As a result, syconoid sponges generally are larger than 

asconoid sponges. Their diameters are typically in the range 

of one to a few centimeters. Syconoid sponges include species 

in familiar genera such as Grantia and Sycon (previously called 

Scypha; Fig. 5-3B). 

Sponges of leuconoid design achieve the largest body sizes, 

ranging from a few centimeters to more than one meter 

(Fig. 5-3D, 5-4B-E). In leuconoid sponges, the aquiferous 

system is a complex network of water vessels that permeate a 

solid, spongy body. It consists of spherical choanocyte cham- 

bers that lie at the intersection of incurrent and excurrent 

canals (Fig. 5-3D, 5-6). Small-diameter excurrent canals and 

often multiple oscula replace the relatively voluminous atrium 

and single osculum of asconoid and syconoid sponges. Water 

enters a leuconoid sponge via surface ostia before flowing into 

incurrent canals (Fig. 5-2D). From the incurrent canals, water 

passes through prosopyles into choanocyte chambers. Water 

exits each choanocyte chamber through an apopyle (= back 

gate) and then flows through the excurrent canals, which 

become progressively larger in diameter as they join with 

other excurrent canals. Large excurrent canals discharge 

exhaust water to the exterior via one or more oscula. 

The choanocyte chambers of leuconoid sponges occur in 

high densities. In Microciona prolifera, for example, there are 

approximately 10,000 chambers/mm3, each 20 to 39 pm in 

diameter and containing approximately 57 flagellated cells 

(choanocytes). The leuconoid design vastly increases the area 

of flagellated choanoderm while minimizing the water volume 

that must be moved. 

Most shallow-water marine sponges and all freshwater 

sponges are built on the leuconoid design. Leuconoid sponges 

achieve large body size because water pumping is decentralized: 

Any growth increment produces a sufficient number of new 

choanocyte chambers to ventilate the new increment. Common 

leuconoid growth forms include crusts, mounds, branches, 

fingers, plates, tubes, and vases (Fig. 5-3D, 5-4B-E). 

BODY WALL 
The body wall is thin in asconoid sponges, thick in most leu- 

conoid sponges, and intermediate in thickness in syconoid 

species, but a clear-cut distinction occurs between the glass 

sponges (Hexactinellida) and all others (Demospongiae and 

Calcarea). In demosponges and calcareous sponges (among 

which are most sponges), the body wall is cellular, but the 

glass-sponge body wall is a syncytium. A syncytium is a large or 

extensive multinucleated cytoplasm enclosed by an external 

membrane but not divided into cells by internal membranes. 

Cellular 
The bodies of demosponges and calcareous sponges (which 

together make up the Cellularia) are composed of cells orga- 

nized into two types of tissue, epithelioid and connective 

(Figures 5-5, 5-6). Epithelioid tissue resembles epithelium 

(see Chapter 4), but it lacks epithelium’s intercellular junc- 

tions and hemidesmosomes and is not underlaid by a basal 

lamina (see Chapter 6). Sponge epithelioid tissues are the 

pinacoderm, which covers the outer surface of the body 

(exopinacoderm) and lines the incurrent and excurrent 

canals (endopinacoderm), and the flagellated choanoderm, 

which forms the atrial lining (asconoid design) and the lin- 

ing of the choanocyte chambers (syconoid and leuconoid 

designs). The connective-tissue layer between the pinaco- 

derm and the choanoderm is called the mesohyl (= middle 

wood) because it forms a bushy, fibrous network that is espe- 

cially obvious in bath sponges. 

The pinacoderm consists chiefly of two types of differenti- 

ated cells. By far the most common of these is the pinacocyte 

(= platter cell). Pinacocytes are flattened (squamous) cells that 

abut each other edge-to-edge to form a skinlike cellular pave- 

ment over the body surface and line the incurrent and 

excurrent canals (Fig. 5-5, 5-6). Pinacocytes generally lack 

flagella, except for species of Plakina and Oscarella that 

have a flagellated endopinacoderm lining their canals. A less 

common but nevertheless important pinacoderm cell is the 

porocyte (Fig. 5-5, 5-6). Porocytes form the ostia of all asconoid 

as well as many syconoid and leuconoid sponges. They also 

constitute the prosopyles and apopyles of many syconoid and 

leuconoid sponges, although in others the ostia are gaps 

between adjacent pinacocytes and the prosopyles can be simple 

gaps in the choanoderm. Each porocyte surrounds a pore, the 

diameter of which is regulated by contraction of cytoplasmic 

filaments. Thus, porocytes are miniature sphincter valves. 

The mesohyl is the only layer of the sponge body wall that 

typically is not bathed with environmental water. In this sense, 

the mesohyl is the sole internal compartment of the body. 

As a connective tissue, the mesohyl is composed of a pro- 

teinaceous, gel-like matrix that contains differentiated and 

undifferentiated cells as well as skeletal elements (Fig. 5-5, 

5-6). Among the many cells present in the mesohyl are 

macrophage-like archeocytes (= progenitor cells), which are 

large ameboid cells bearing a conspicuous nucleus and 

numerous large lysosomes. Archeocytes are totipotent and 

can differentiate into any other type of sponge cell. They are 

also phagocytic and play a role in digestion and internal 

transport. Lophocytes (= crest cells) are archeocyte-like ame- 

boid cells that secrete collagen fibers from their trailing end 

as they move through the mesohyl. They produce and main- 

tain the fine collagen fibers of the mesohyl. Spongocytes, 

which occur only in the taxon Demospongiae, resemble 

archeocytes, but secrete collagen that polymerizes into thick 

skeletal fibers known as spongin (see Skeleton, the next sec- 

tion). Sclerocytes (= hard cells) secrete the mineralized 

skeletal spicules of many sponges (see Skeleton). Myocytes 

(= muscle cells) are musclelike cells containing actin and 
myosin that aggregate around the oscula of some demo- 

sponges. They regulate the size of the oscular aperture and 

thus help to control water flow through the sponge. Finally, 

oocytes and spermatocytes, which will be described later 

in more detail, are reproductive cells that undergo game- 

togenesis in the mesohyl to form sperm and eggs. 

The choanoderm consists of flagellated collar cells, or 

choanocytes (- collar cells), that generate the water flow 

through the sponge. Choanocytes have an apical collar of long 

microvilli around a single flagellum (Fig. 5-5). The collar is in 
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D E 

FIGURE 5-4 Porifera: living (B, C, and E) and preserved sponges (A and D). A, Euplectella aspergillum, 
Venus's flower basket, a glass sponge (Hexactinellida) in which the siliceous spicules are fused to form a 
lattice. B, Callyspongia vaginalis, a tropical leuconoid sponge (Demospongiae) with a tubular body form. 
C, Phyllospongia, a leaflike sponge (Demospongiae) on a reef flat in Fiji. D, Poterion, a large goblet-shaped 
leuconoid sponge (Demospongiae). E, Chondrilla nucula, a common West Indian sponge (Demospongiae) with 
a tough, cartilaginous spongin skeleton. 
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(epithelioid) (connective (epithelioid) 
tissue) 

FIGURE 5-5 Porifera body wall: section through an asconoid sponge. 

(Modified and redrawn from Rigby, J. K. 1987. Phylum Porifera. In Boardman, 

R S., Cheetham, A. H.,and Rowell, A.f. (Eds.): Fossil Invertebrates, Blackwell 

Science, Cambridge, MA. pp. 116-139.) 

the form of a cylinder or an inverted cone. The basal part of 

the choanocyte flagellum of many species (such as Microciona 

sp. and Grantia compressa), if not all, bears a bilateral vane, as 

in the choanoflagellates (Fig. 4-13A). 

Syncytial 
The glass sponge’s body wall lacks the sheetlike pinacoderm 

pavement that covers the body and lines the aquiferous system 

of cellularian sponges. Instead, the living tissue in hexactinellids 

is arranged in three-dimensional, cobweb-like strands called 

a trabecular syncytium or network (Fig. 5-7). The membranes 

that normally separate cells are absent and the cytoplasm is con- 

tinuous and uninterrupted throughout the syncytium. 

A cellular choanoderm also is absent; in its place is another 

syncytium, the choanosyncytium. Individual collar bodies, 

each with a collar and flagellum but lacking a nucleus, arise 

from the surface of the choanosyncytium. Each group of 

collar bodies occupies a syconoid-like pocket that is supported 

by the trabecular network. The many collar bodies of each 

pocket arise developmentally as outgrowths of a single nucle- 

ated stem cell, the choanoblast. 

Each strand in the trabecular syncytium surrounds and 

encloses an axis of mesohyl. The mesohyl contains bundles of 

collagen fibers, spicules, and cells—sclerocytes, archeocytes, 

and presumably germ cells. In Rhabdocalyptus dawsoni, the 

mesohyl cells are joined to the trabecular syncytium by slender 

cellular extensions and are themselves partially syncytial (Fig. 

5-7B), but in Dactylocalyx pumiceus, these cells are reported to 

be independent of the syncytium. Thus, the glass sponges may 

be constituted of a unique combination of cellular and syncy- 

tial tissues. 

The gross anatomy of hexactinellids is syconoid, but the 

aquiferous system, because it has both incurrent and 

excurrent canals, resembles the leuconoid design. Water in 

Endopinacocyte 

Spicule 

Spongin 

Archaeocyte 

Exopinacoderm 

Excurrent canal 

Incurrent canal 

FIGURE 5-6 Porifera body wall: section through the body 
wall of a freshwater leuconoid sponge. (From Ax, P. 1996. 

Multicellular Animals: A New Approach to the Phylogenetic Order in 

Nature. Springer-Verlag, Berlin, Heidelberg, NY. p. 71.) 



Porifera1’ 83 

FIGURE 5-7 Porifera body wall: glass (hexactinellid) sponges. A, Euplectella aspergillum (Venus's flower 

basket). B# Rhabdocalyptus dawsoni. (A, After Schulze, in Bergquist, P. R. 1978. Sponges. Hutchinson, London, pp. 59 

and 26; B, From. Leys, S. P. 1995. Cytoskeletal architecture and organelle transport in giant syncytia formed by fusion of 

Hexactinellid sponge tissues. Bio. Bull. 188:241-254) 

hexactinellids flows from: surface openings in the trabecular 

network —» incurrent canals —» collar-body chambers —* excur- 

rent canals —> atrium —> osculum. 

WATER PUMPING 
The volume of water pumped by a sponge is impressive. In 

general, a sponge pumps a volume of water equal to its body 

volume once every 5 seconds. Because water is incompressible, 

the volume entering must be equal to the volume exiting the 

sponge at any moment. The flow velocity is fastest through 

the osculum and slowest in the choanocyte chambers, because 

these two regions have, respectively, the smallest and the 

largest total cross-sectional areas in the aquiferous system (Fig. 

5-8). Many sponges, however, can slow the overall flow rate or 

even stop it entirely to avoid the intake of silt. They do this 

by regulating the size of the osculum (using contractile 

myocytes), closing the ostia (sometimes using tubular poro- 

cytes), or adjusting the choanocyte flagellar beat (as in glass 

sponges, which lack myocytes and porocytes). 

The water current is produced by the activity of the 

choanocyte flagella (Fig. 5-5). The undulatory beat of each 

flagellum is in a single plane. The flagellar vane, which is 

restricted to the collar region of the flagellum, may help 

to “pump” water from the collar. In at least one species 

(Trochospongilla pennsylvanicus), the beating plane of the 

choanocyte flagellum shifts every few seconds, eventually 

rotating around 360°. The choanocyte flagella and collars are 

oriented away from the ostia (in the asconoid design) or 

prosopyles (in the syconoid and leuconoid designs), and each 

flagellum beats from base to tip, driving water toward the 

excurrent canals and osculum. 

The oscula of many sponges are situated on chimneys well 

above the main body and ostia (Fig. 5-1 A). That elevated 

position exposes the oscula to environmental water currents 

faster than those that occur near the base of the sponge. The 

higher-velocity flow over the chimneys lowers the pressure at 

the oscula in relation to the ostia and induces a flow from 

the high-pressure to low-pressure (ostium-to-osculum) end 

of the system. Because most sponges are exposed to significant 

ambient water currents, such induced flows undoubtedly sup- 

plement flagellar pumping and conserve metabolic energy. 

FIGURE 5-8 Porifera: water pumping and physiological exchange. 

The 30-times greater cross-sectional area of choanocyte chambers as 

compared with ostia and oscula causes the water flow velocity to slow 

in the chambers. The slow flow improves the effectiveness of food 

capture by the choanocytes. (Based on data in Reiswig, 1975b) 

SKELETON 
Whatever their growth form, most sponges live in moving 

water and support themselves with a well-developed skeleton. 

The skeleton is chiefly a mesohylar endoskeleton, but an 
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FIGURE 5-9 Porifera: spicular skeletons and spicules. A, Body-wall skeleton of Farrea sollasii (Hexactinellida). 
B, Hexactmellid megascleres and microscleres. Megascleres: 1-5, microscleres: 6-9. C, Body-wall skeleton of 
Geodia (Demospongiae). D, Demosponge megascleres and microscleres. Megascleres: 1-8, microscleres: 9-18. 
E, Body-wall skeleton of the leuconoid sponge Afroceras ensata (Calcarea). F, Selection of calcarean spicules. 
(A and E, From Bergquist, P. R. 1978. Sponges. Hutchinson, London. 268 pp.; C, Modified and redrawn from Bergquist, 1978) 
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exoskeleton also may occur regionally or over the entire body. 

The stiffness or rigidity of the skeleton varies widely among 

species and growth forms. Among soft encrusting forms, such 

as Oscarella and Halisarca, the sole skeleton is the gelatinous 

mesohyl supported only by fine collagen fibers. More com- 

monly, the mesohylar matrix is supplemented with mineral 

spicules, spongin, or both. Although spicules occur principally 

in the mesohyl, they can project freely through the surface 

pinacoderm, thus affording the sponge some protection 

(Fig. 5-3A,C). Such projecting spicules commonly guard the 

oscula and sometimes the ostia. 

Spicules stiffen the mesohyl to varying degrees depending 

on their density, arrangement, and the extent to which they 

fuse or interlock. In the extreme, a spicular skeleton can be 

a rigid, brittle, three-dimensional lattice or framework, as in 

the glass sponge Euplectella aspergillum (Fig. 5-4A, 5-9A) or 

the calcareous sponge Minchinella sp. The relict sphinctozoan 

sponge, Vaceletia crypta, has a chambered calcareous <?xoskele- 

ton. The calcifying demosponges (“sclerosponges”) secrete a 

massive basal exoskeleton of CaC03 on which the body rests. 

These sclerosponges also secrete siliceous spicules in the 

mesohyl (Fig. 5-10). 

Some sponges lack spicules, but secrete organic spongin 

(Fig. 5-llA,B). Such sponges, for example the bath sponges 

(Spongia, Hippospongia), are often compressible, elastic, and 

“spongy.” A high density of spongin produces a skeleton that is 

firm, tough, and rubbery, as in the tropical chicken-liver 

sponge, Chondrilla nucula (Fig. 5-4E). 

Spongin and spicules occur together in most species 

of sponges. In some species of Haliclona, spongin welds 

together the tips of spicules to form a skeletal network (Fig. 

5-11C). In other parts of the skeleton, spicules are embedded 

into the spongin fibers themselves (Fig. 5-1 ID). Sometimes, 

Ostium Excurrent Pinacoderm 

FIGURE 5-10 Porifera: body wall and skeleton of a calcifying 
sclerosponge (Demospongiae: Ceratoporellidae). The calcareous 
exoskeleton is secreted by the basal exopinacoderm and contains 
embedded siliceous spicules. Siliceous spicules also occur in the 
mesohyl of the living tissue. (Modified and redrawn after Hutchinson 
from Bergquist, P. R. 1978. Sponges. Hutchinson, London. 268 pp.) 

foreign material, such as sand grains, is incorporated into 

the skeleton as a substitute for the spicules, as happens in 

the tropical ethereal-blue sponge Dysidea etheria and other 

species (Fig. 5-1 IE). In Dysidea janiae, the sponge produces 

no spicular skeleton of its own, but instead uses the calcare- 

ous skeleton of its symbiotic red alga (Jania). The result of 

these and other combinations of spicules and spongin is a 

wide variety of skeletal properties, from soft and spongy to 

hard and brittle. 

Spicules are siliceous (Si02) or calcareous (CaC03) ele- 

ments whose composition, size, and shape are used at all lev- 

els in the classification of sponges (Fig. 5-9). As a result, an 

extensive nomenclature describes the forms and sizes of 

spicules. At the most general level, spicules are separated 

into two size classes, large megascleres and small micro- 

scleres. Megascleres typically form the principal skeletal 

framework, whereas the considerably smaller microscleres 

may support the pinacodermal lining of the canal system or, 

in high density, toughen the body wall (Fig. 5-9A,C,E). 

Megasclere names are based on the spicule’s number of axes 

or number of rays or points. The suffix -axon refers to the 

number of axes; -actine indicates the number of points. A 

monaxon spicule, for example, has one axis and is shaped 

like a needle or rod, although it may be straight or curved, 

with pointed, knobbed, or hooked ends (Fig. 5-9D1-6). Triax- 

ons have either three rays (triactines; Fig. 5-9F) or six (hexa- 

ctines; Fig. 5-9B). 

Spicules are secreted extracellularly by sclerocytes in 

calcareous sponges, intracellularly in sclerocytes in demo- 

sponges, and intrasyncytially in glass sponges. From one to 

several sclerocytes typically secrete a single spicule in the cal- 

careous sponges. A three-rayed spicule, for example, origi- 

nates between three sclerocytes derived from a single stem 

cell (scleroblast; Fig. 5-11G). Each member of the trio then 

divides and one ray of the spicule is secreted between each 

pair of daughter cells. The three rays fuse at their bases. 

Each of the three pairs of sclerocytes now moves outward 

along a ray, one cell lengthening its end while the other cell 

thickens its base (Fig. 5-11G). The secretion of a siliceous 

monaxon spicule is initiated around an organic filament in 

an intracellular vesicle (Fig. 5-1 IF). As the spicule crystallizes 

and grows, the cell first elongates and then divides into two 

cells, each of which adds additional silica to a growing tip of 

the spicule. 

LOCOMOTION AND DYNAMIC 
TISSUES 
Although sponges are basically sessile animals, some species 

have a limited capacity for locomotion. Both freshwater (Ephy- 

datia) and marine (Chondrilla, Hymeniacidon, Tethya) species 

can move over a substratum at rates of 1 to 4 mm/day 

(Fig. 5-12A). The movement apparently results from the 

collective ameboid movements of pinacodermal and other 

cells. Other sponge movements include whole-body con- 

traction (Clathrina coriacea) and, in many species, constriction 

of oscula by myocytes. These movements probably arrest or 

limit flow through the aquiferous system in response to an 
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FIGURE 5-11 Porifera: spongin skeleton, spongin-composite skeletons, and spicule secretion. A, Photomicrograph of spongin fibers (they 

appear translucent). B, Spongin skeleton of a commercial bath sponge, Spongia officianalis, from the Mediterranean. The large openings are oscula. 

C, Siliceous spicules (oxeas) glued together at their tips with spongin to form a network in Haliciona rosea. D, Spongin fibers with embedded 

siliceous spicules (oxeas) form a reinforced network in Endectyon. E, Spongin network of Hippospongia communis stiffened by the incorporation of 

foreign material, especially sand grains, into the spongin fibers. F, Secretion by sderocytes of a siliceous monaxon (oxea). G, Secretion by sclerocytes 

of a calcareous triaxon. (C, Modified and redrawn from Hartman, W. D. 1958. Natural history of the marine sponges of southern New England. Bull. Peabody 

Mus. Nat. Hist. \ale Umv. 12:1-155. D andE, Redrawn from Kaestner, A. 1980. Lehrbuch der Speziellen Zoologie 1(1): Wirbellosen Tiere. Gustav Fischer Verlag 

Stuttgart. 318 pp.) 
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FIGURE 5-12 Porifera: locomotion and tissue dynamics of the freshwater sponge Ephydatia fluviatilis. 
A, Locomotion of an isolated sheet of exopinacocytes. B, Dynamic remodeling of the aquiferous system. Each 
of the shaded areas outlines canals apd choanocyte chambers of a living sponge, as seen under a microscope. 
Between time 0 and approximately 4 hours later, canal fusion and reshaping are evident. (Modified and redrawn 

from Bond, C. 1992. Continuous cell movements rearrange anatomical structures in intact sponges. J. Exp. Zool. 263:284-302.) 

environmental challenge, such as a sudden increase in water- 

borne silt. 

A hallmark of sponges is the dynamism of their tis- 

sues. Mesohyl cells, all of which are ameboid, are more or 

less in constant motion. Similarly, endopinacocytes and 

choanocytes can move about to remodel the aquiferous 

system (Fig. 5-12B). This remodeling, which involves the 

addition or fusion of flagellated chambers and the merging 

and branching of canals, may “fine-tune” the system to 

optimize water flow as the sponge grows or as it encounters 

changes in environmental water currents. The absence of 

intercellular junctions, basal lamina, and hemidesmosomes in 

sponge tissues allows these independent and frequent cell 

movements. 

PHYSIOLOGICAL 
COMPARTMENTALIZATION 
The physiological importance of water flow through the 

aquiferous system of a sponge cannot be overstated. This 

single system accomplishes the tasks of gas exchange, food 

acquisition, waste disposal, and the release of sperm and 

larvae. The functions associated with, for example, the mam- 

malian trachea and lungs, alimentary canal, circulatory ves- 

sels, kidneys, and gonoducts are, in sponges, combined in 

this one multifunctional system. Such a low level of phys- 

iological compartmentalization in sponges has two implica- 

tions. First, because there is little segregation of function, 

integrating systems, such as the nervous or endocrine sys- 

tems, are not well developed or necessary. In fact, sponges 

lack nervous tissue (discussed later in this chapter). Second, 

because of functional overlapping in tissues and cells, the 

efficiency of any individual function is likely to be low in 

comparison to the efficiency in animals such as ourselves, 

which have a specialized compartment for each function. 

This minimal efficiency manifests itself as a low level of 

activity. Few animals are less mobile or more plantlike than 

sponges. 

We should not think that, because of their low level of 
compartmentalization and integration, sponges are somehow 

at a disadvantage. On the contrary, their low level of organiza- 

tion allows them to adaptively remold their bodies, to regener- 

ate readily after damage, and to clone themselves. 

NUTRITION 
Sponges filter food particles from water flowing through 

their bodies. Generally, the filtered particles range in size 

from 50 pm to 1 pm or less. This range includes unicellular 

plankton, such as dinoflagellates and bacteria, viruses, small 

organic debris, and perhaps even dissolved organic material. 

In tropical seas, where sponges are abundant, the smallest 

fractions of food are approximately seven times more available 

than the larger size classes. All sponge cells can ingest particles 

by phagocytosis. 

The food-trapping filters are the incurrent canals, which 

progressively decrease in diameter as they penetrate inward, 

and choanocytes (Fig. 5-13). Food and other particles are 

filtered as they lodge in different parts of the system, 

depending on their diameter. The largest particles, exceed- 

ing about 50 pm in diameter, are too large to enter an 

ostium and can be phagocytosed by cells of the exopina- 

coderm. Particles in the size range of 5 to 50 pm lodge in an 

incurrent canal and may be phagocytosed by endopina- 

cocytes or by archeocytes that have entered the canal (either 

between pinacocytes or through porocytes in the canal 

lining). The smallest, bacteria-size particles enter the 

choanocyte chambers and are removed by phagocytosis or 

pinocytosis on the choanocyte surface. The choanocyte col- 

lar of microvilli, and its extracellular matrix, may be the 

mesh that traps the finest material. 

Both choanocytes and archeocytes engulf and digest parti- 

cles in vesicles, but the choanocyte often transfers particles to 

the archeocyte for digestion. The archeocytes probably also 

store nutrients such as glycogen or lipids. 

Carnivorous species occur in the demosponge family 

Cladorhizidae. These sponges trap crustaceans and other 

small animals on sticky cellular threads that extend out from 

the surface of the sponge. Once an animal is trapped, the 

threads shorten, drawing the prey onto the body surface, 
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FIGURE 5-13 Porifera: diagrammatic summary of filter feeding, digestion, and egestion. See text for 

explanation. 

which slowly overgrows the prey and consumes it, presumably 

with archeocytes. These strange sponges lack choanocytes and 

an aquiferous system. 

The two sources of particulate wastes in sponges are 

indigestible products of intracellular digestion and inorganic 

mineral particles that enter the sponge in the water stream. 

Mineral particles must be removed from the incurrent 

canals, which they would otherwise block and inactivate. An 

inorganic particle that lodges in an incurrent canal is 

phagocytosed by an archeocyte, which transports it to the 

downstream side of the canal system and then exocytoses it 

into an excurrent canal (Fig. 5-13). In those species that 

incorporate foreign material into their skeletons, the archeo- 

cyte may transport the intercepted particle to a site of 

skeleton secretion. 

Many sponges, both marine and freshwater, harbor 

photosynthetic endosymbionts in their tissues and derive a 

nutritional benefit from the photosynthate. Freshwater 

sponges typically harbor green algae (zoochlorellae) in 

archeocytes and other cells. Marine sponges—both calcare- 

ous and demosponges — may host dinoflagellates (zooxanthel- 

lae) or, more commonly, Cyanobacteria. One species, Mycale 

laxissima in Belize, incorporates both green and red algae in 

the spongin fibers of its skeleton. The cyanobacterial 

symbionts of some sponges, including Verongia, may constitute 

up to one-third of the sponge’s biomass. Such sponges live in 

shallow, well-lit habitats and may have symbiotic bacteria 

restricted to the outer layers of the body. Excess photosynthate 

in the form of glycerol and a phosphorylated compound are 

utilized by the sponge. Some sponges studied on Australia’s 

Great Barrier Reef obtain from 48 to 80% of their energy 

requirements from their Cyanobacteria. Sponges frequently 

contain intra- and extracellular bacteria in addition to the 

Cyanobacteria and other symbionts. The significance of such 

bacteria, however, is unknown. 

INTERNAL TRANSPORT, GAS 
EXCHANGE, AND EXCRETION 
Because the aquiferous system ventilates the entire body to 

within 1 mm of all cells, simple diffusion accounts for the 

transport of gases and metabolic wastes (largely ammonia) 

between the body and environmental water in the aquiferous 

system. Nutrients, too, probably diffuse from the widespread 

sites of intracellular digestion, although archeocytes, by ame- 

boid movement, deliver nutrients to developing gametes 

and tissues throughout the body. At least one species of 

Aplysina (also known as Verongia) has specialized internal 

fibers that serve as tracks for the movement of nutrient-laden 

archeocytes. 

Internal transport of food in glass sponges is intrasyncytial. 

Once ingested by the collar bodies, food-containing vesicles 

are transported by dynein motor molecules on bundles of 

microtubules that extend throughout the syncytium of the 

sponge. This mode of transport is identical to vesicular trans- 

port in radiolarian and foram pseudopodia (Chapter 3), as 

well as in the nerve-cell axons of higher animals. 

The near absence of intercellular junctions in pinacoderm 

and choanoderm suggests that these layers constitute a poor 

regulatory barrier between the mesohyl and water of the exter- 

nal environment. Physiologically speaking, sponges are said to 

be “leaky” animals. Accordingly, the composition of their 

interstitial fluid (the fluid between cells) is likely to be similar 
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to that of the environmental water, even among freshwater 

species. Most cells of freshwater sponges contain contractile 

vacuoles, but those vacuoles are osmoregulating for individual 

cells and not for the sponge body as a whole. 

INTEGRATION 
Sponges lack nerve cells and nervous tissue, though some are 

capable of limited impulse conduction. In most cases, this con- 

duction is a slow “epithelial” spread of electrical activity over a 

few millimeters that results in a local myocyte contraction in 

response to a local stimulus. Such impulse conduction is slow 

because specialized intercellular junctions (gap junctions), 

which promote epithelial conduction, are absent. Thus, the 

membranes between cells tend fo isolate rather than conduct 

the wave of depolarization. An exception to this generalization, 

however, occurs in the syncytial tissues of glass sponges. In 

Rhabdocalyptus dawsoni, electrical impulses (action potentials) 

are propagated rapidly along the syncytial strands from a point 

of stimulation to all parts of the sponge. This activity arrests 

flagellar beating and shuts down water pumping by the sponge. 

BIOACTIVE METABOLITES AND 
BIOLOGICAL ASSOCIATIONS 
Many sponges produce metabolites that may prevent settle- 

ment of other organisms on their surfaces or deter grazing 

predators. Nine out of 16 Antarctic sponges and 27 of 36 

Caribbean species were found to be toxic to fish. The fish 

toxins, however, did not necessarily discourage nonfish graz- 

ers, and some fish, such as angelfishes, filefishes, and the 

moorish idol, are specialized spongivores. Turtles, especially 

A 

the Hawksbill turtle, commonly feed on sponges and up to 

95% of their feces may consist of siliceous spicules. A taxon of 

sea slugs (dorid nudibranchs) specializes on sponge species in 

a manner similar to certain caterpillars on their host plants. 

Some sponges use metabolites to compete for space with 

other organisms. For example, the Caribbean chicken-liver 

sponge (Chondrilla nucula) releases compounds that kill adja- 

cent stony corals, allowing the sponge to overgrow their skele- 

tons. Some species have distinctive odors, such as the garlic 

sponge, Lissodendoryx isodictyalis. A few, such as the Caribbean 

fire sponge, Tedania ignis, cause a severe rash when handled. 

Various sponge biochemicals are being investigated to deter- 

mine their potential medical and commercial benefits. 

Many sponges harbor endosymbionts that occupy space in 

the aquiferous system and take advantage of the water flow 

and protection afforded by their host. Some large leu- 

conoid sponges are veritable apartment houses for shrimps, 

amphipods, and brittle stars. One investigator collected over 

16,000 snapping shrimps from within the water canals of one 

large loggerhead sponge. Certain worms (spionid polychaetes) 

infest, eat, and thereby adopt the color of their sponge host. 

Decorator crabs attach sponges, algae, and other sessile organ- 

isms to their backs to form a microcommunity. The community 

grows on this mobile substratum, providing the crab with an 

effective camouflage. Certain other crabs (Dromiidae) cut out 

a cap of sponge and affix it to their back, or attach a sponge 

fragment that then grows, covers, and camouflages the crab. 

BIOEROSION 
Species of the demosponge family Clionidae play an impor- 

tant role in the breakdown of calcareous shell and coralline 

rock in the sea (Fig. 5-14). Cliona celata, for example, bores 

B 

FIGURE 5-14 Porifera: bioerosion by boring demosponges (Clionidae). A, Remains of a clamshell that has 
been riddled by Cliona lampa. B, The shell-boring sequence: etching cell penetrates shell by chemical dissolution; 
shell chip is cut away from shell; chip is released into the aquiferous system; chip is discarded in exhalant water 
flow. (B, Modified and redrawn after Hatch from Pomponi, S. A. 1980. Cytological mechanisms of calcium carbonate 

excavation by boring sponges. Int. Rev. Cytol. 65:301—319.) 
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into mollusc shells and creates a network of subsurface tun- 

nels. At regular intervals, a papilla of sponge tissue erupts 

through a hole in the surface of the shell (Fig. 5-14B). Some 

papillae bear ostia, others oscula. Shells washed ashore at 

this stage appear to be peppered with birdshot (Fig. 5-14A). 

Eventually, the sponge overgrows the entire shell and finally 

destroys it completely. Specialized archeocytes called etching 
cells are responsible for eroding the shell. Each etching 

cell chemically cuts away a small chip of shell. The freed chip 

is released into the aquiferous system and eventually dis- 

charged at the surface through an osculum. Divers regularly 

see these sponges “spit” particles. Because it affords the 

sponge physical protection from grazing predation, boring 

into shell or rock may enhance the survival of juvenile and 

adult sponges. 

REPRODUCTION 

Clonal Reproduction 
Sponges reproduce clonally (asexually) by fragmentation, bud- 

ding, and by the formation of overwintering propagules called 

gemmules. Fragmentation primarily results from current or 

wave damage, and perhaps from damage done by grazing 

carnivores. The dislodged fragments rely on their remodeling 

capacity for regeneration. The fragment soon attaches to the 

substratum and reorganizes itself into a functional sponge. An 

extreme form of fragment?.tion — dissociation of a sponge into 

individual cells or clumps of cells—can be accomplished in the 

laboratory by squeezing a piece of sponge through finely woven 

cloth. This experiment was first conducted by the zoologist 

FI. V. Wilson early in the 20th century. Since that time, it has 

been repeated frequently to demonstrate species recognition at 

the cellular level, to model morphogenesis, and to study the 

mechanisms by which cells recognize and adhere to each other. 

Budding is uncommon but does occur in a few sponges. In 

Clathrina, for example, the free ends of the asconoid tubes are 

said to swell into buds, break free, and then attach and grow 

into another sponge. Some species of Tethya produce stalked 

buds. Species of Oscarella and Aplysilla are reported to produce 

papillae that self-amputate and grow into new sponges. 

Many freshwater sponges and a few marine species produce 

hundreds to thousands of sporelike gemmules, typically in the 

fall of the year (Fig. 5-15A). The autumn gemmules of fresh- 

water species may enter diapause, a state of near metabolic 

arrest, and then require a period of very cold temperature 

before they are activated, germinate, and differentiate into 

a new sponge, usually in the spring. While the gemmule is in 

diapause, it is resistant to environmental extremes of tempera- 

ture, salinity, and desiccation. A standard practice of sponge 

biologists, in fact, is to keep a humidified jar of gemmules in 

a refrigerator. When sponges are needed for observation or 

experimentation, the gemmules are germinated by “seeding” 

some into a container of pond water. 

Gemmules are produced in the mesohyl of a dying sponge 

around a cluster of nutrient-laden archeocytes. Spongocytes 

secrete a spongin shell around the cellular mass. The shell 

may also contain spicules secreted by sclerocytes. The shell 

completely encloses the cell mass except at one pole where an 

opening, the micropyle, remains. The completed gemmule 

consists of a shell and its enclosed archeocytes, each of which 

Micropyle Spongin attachment 

FIGURE 5-15 Porifera clonal reproduction: gemmules. A, A 

vertical section through a full-grown gemmule. B, Hatching of a 

gemmule. (A, After Evans from Hyman, L. H. 1940. The Invertebrates. Vol.l. 

Protozoa through Ctenophora. McGraw-Hill Book Co., New York. 726 pp.; B, 

Modified and redrawn from Fell, P.E.l 997. Poriferans, the sponges. In Gilbert, 

S. E, and Raunio, A. M. (Eds.): Embryology: Constructing the Organism. 

Sinauer, Sunderland, MA. pp. 39-54.) 

soon becomes spherical, resembles an embryonic cell, and 

then is called a thesocyte (Fig. 5-15A). 

During the spring gemmule “hatch,” the peripheral theso- 

cytes differentiate into a pinacoderm that balloons out, like 

a bubblegum bubble, through the micropyle (Fig. 5-15B). 

This pinacoderm bubble makes contact with and attaches to 

the substratum. Next, the deeper thesocytes issue from the 

micropyle into the bubble and establish, after differentiation, 

the interior of the juvenile sponge. An interesting variation on 

this theme, which challenges the notion of individuality, is that 

thesocytes from gemmules of the same or different parentage 

(but of the same species) can intermingle during germination 

to form one “individual” sponge. 

Sexual Reproduction and Development 
Sponges, with few exceptions, are hermaphrodites. At the 

appropriate time, sperm are spawned from one sponge and 

transported by water currents to another, in which fertilization 

occurs internally. A few species (such as Cliona) are oviparous 

and release zygotes into the water, where they complete their 

development. Most sponges are viviparous, retaining the 

zygotes in the parent’s body and releasing larvae (sometimes 

called larviparity). Embryos and larvae are lecithotrophic. 

Sponges are said to lack genital organs (gonads), and germ 

cells occur in either simple clusters (sperm) or individually 
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Parenchymella Rhagon 

FIGURE 5-16 Porifera sexual reproduction: larval development and 

metamorphosis. In A, Clathrina (Calcarea: Calcinia), a hollow blastula 

develops in the mesohyl and is released into the water. After release, 

cellular ingression converts the coelobiastula into a stereoblastula, the 

settling stage. In B, Sycon (Calcarea: Calcaronea), the egg is derived 

from a choanocyte that loses its flagellum and sinks into the mesohyl 

below the choanoderm. After fertilization, the egg (zygote) divides to 

form an internally flagellated sphere that resembles a choanocyte 

chamber. Upon release from the sponge, the sphere inverts to position 

its flagella on the surface of the larva. During metamorphosis, the 

external flagellated cells, after losing their flagella, return to the 

interior of the body and differentiate into choanocytes. The 

metamorphosed juvenile of a calcareous sponge is called an olynthus. 

In C, Ha I id on a (Demospongiae), a differentiated parenchymella is 

released from the sponge into the plankton. After settlement, it 

undergoes a complex metamorphosis to form a juvenile, or rhagon 

(see text). 

(eggs) throughout the mesohyl. Sperm arise from choanocytes 

or entire choanocyte chambers that sink into the mesohyl 

and become enclosed in a thin cellular wall to form a sper- 

matic cyst. Eggs arise from archeocytes or dedifferentiated 

choanocytes (in some calcareous sponges). Each egg generally 

accumulates its yolk by phagocytosis of adjacent nurse cells. The 

egg and nurse cells together may be enclosed in a follicle of 

ensheathing cells.* Because the aquiferous system supplies all 

parts of the body equally, the germ cells also are widely distrib- 

uted throughout the mesohyl of the body, but always within 

diffusion distance of a canal or chamber. 

During spawning, sperm rupture the wall of the spermatic 

cyst, enter the excurrent canals (or atrium), and are released 

from the oscula. Certain tropical species, known to scuba 

divers as smoking sponges, suddenly spew sperm in milky 

clouds from their oscula. Such sudden sperm release may be 

typical for most sponges. 

When the spawned sperm drift into contact with another 

sponge, they are swept into its aquiferous system by the incurrent 

* By definition, an organ is composed of two or more tissues. If these cyst 

or follicle cells are shown to have a different tissue origin than the germ 

cells, then the spermatic cyst and egg follicle would be organs (gonads). 

water flow. Once in the aquiferous system, sperm are transported 

to the choanoderm or choanocyte chamber and are phagocy- 

tosed, but not digested, by a choanocyte. The choanocyte then 

loses its flagellum and collar, becomes ameboid, and transports 

the sperm head (nucleus) to the egg. The transformed ameboid 

choanocyte is called a carrier cell. After the carrier cell reaches 

an egg in the nearby mesohyl, it either transfers the sperm 

nucleus to the egg or the carrier cell and sperm nucleus 

together are phagocytosed by the egg. In either case, fertilization 

occurs internally in the “ovary” of the sponge. 

The sperm of most sponges lack an acrosome, the structure 

responsible for penetrating the egg-cell membrane during 

fertilization in most other animals. An acrosome probably is 

unnecessary because the sperm nucleus enters the egg by 

phagocytosis. Acrosomal sperm do occur in Oscarella lobularis, 

suggesting that it has a conventional means of egg fertilization, 

but the reproductive details of this species are unknown. 

The zygote cleaves holoblastically into equal-size blasto- 

meres. The pattern of cells that results from cleavage, however, 

varies among species of sponges. The larvae that develop from 

embryos are also diverse and are described under the names 

coelobiastula, amphiblastula, parenchymella, and trichimella 

larvae. 

A coelobiastula larva is produced by calcareous sponges, 

such as species of Clathrina (Calcinea; Fig. 5-16A). This larva is 
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a hollow sphere composed of a single layer of flagellated cells. 

While in the plankton, some of the surface cells lose their 

flagella, become ameboid, and enter the blastocoel, eventually 

obliterating it. This converts a hollow coeloblastula into a solid 

stereoblastula. 

An amphiblastula larva occurs in other calcareous 

sponges, for example, Grantia, Sycon, and Leucosolenici (Cal- 

caronea, Fig. 5-16B). An amphiblastula larva develops as a 

hollow ball composed of two types of cells, anterior flagel- 

lated cells and posterior nonflagellated granular cells. Ini- 

tially, within the mesohyl of the parent, the flagella are 

directed into the blastocoel, but a break soon develops in the 

granule-cell surface of the larva and it turns itself inside-out 

(inverts) through that opening. After inversion, the flagella 

project outward from the surface of the larva, enabling it to 

swim. It is released from the parent at that stage. Inversion is 

correlated with eggs that arise from choanocytes: After fertil- 

ization, the cells divide as if to form new choanocyte cham- 

bers, with the flagella directed toward the interior of the 

chamber. The demosponge genera Oscarella and Plakina also 

produce amphiblastula larvae, but these form secondarily, 

after passing through a parenchymella stage. 

A parenchymella larva is characteristic of most demosponges 

(Fig. 5-16C). In this case, the embryo develops direcdy into a 

solid mass of cells, forming a stereoblastula. The outer layer is 

composed of widespread flagellated cells interspersed with 

occasional vesicle-containing cells that lack flagella. The larval 

interior houses many types of differentiated cells—sclerocytes, 

collencytes, pinacocytes, even choanocyte chambers—and 

archeocytes. To a certain degree, then, parenchymella larvae are 

prefabricated juveniles specialized for swimming. 

Trichimella larvae typify the glass sponges. These are stereo- 

blastulae that bear a band of flagellated cells around the 

equator of the larval body. The interior is occupied by 

yolk-bearing cells, sclerocytes (spicules), other cells, and 

choanocyte chambers. 

All sponge larvae are lecithotrophic and therefore 

relatively short-lived. Typically, they are released at dawn in 

response to a light cue. After a period of a few hours to a few 

days, the larvae settle and creep over the bottom in search of 

a suitable site for attachment. Once a site is found, the larva 

metamorphoses into a juvenile sponge, which differs some- 
what for each of the larval types (Fig. 5-16). Because the 

metamorphosis involves a rearrangement of cells into more 
or less definite layers, it is frequently compared with gastrula- 

tion in other metazoans, but the ingression of cells that 

results in the so-called stereoblastulae of many sponges might 

also be regarded as a form of gastrulation (see Chapter 4). 

Immediately prior to metamorphosis, the cells of the 

coeloblastula, now a stereoblastula, dedifferentiate into a mass of 

totipotent cells (Fig. 5-16A). Once attached, this mass spreads 

over the substratum, the surface cells become pinacoderm, and 

the deeper cells differentiate into other typical sponge cells. 

Gaps that form between the interior cells merge together to 

form the atrium as the interior cells undergo rearrangement. 

The amphiblastula larva settles and attaches on its flagel- 

lated end (Fig. 5-17B). Those flagellated cells, now attached 

to the substratum, lose their flagella, migrate internally, and 

form the sponge interior. The granular cells become the 

pinacoderm. When the juvenile sponge becomes functional, 

begins to feed, and is a miniature asconoid in design, it is 

called an olynthus (Fig. 5-16B). 

Metamorphosis of parenchymella larvae differs among 

species. In general, following larval attachment, the interior 

cells differentiate and rearrange themselves to build most, if 

not all, of the sponge body. The question is, What, if any, con- 

tribution to the juvenile body is made by the larval flagellated 

cells? In one species, Mycale contarenii, the flagellated cells 

contribute to the formation of choanocytes, as might be 

expected (Fig. 5-16C). But in other species (such as some 

freshwater sponges and Microciona prolifera), the flagellated 

cells are phagocytosed by archeocytes and do not contribute 

directly to the juvenile body. In any case, the metamorphosed 

juvenile sponge often initially has an asconoid or syconoid 

design, but with thick walls, before transforming into a 

leuconoid sponge. This early juvenile stage is called a rhagon 
(Fig. 5-16C). 

Sponges in temperate zones may live for from 1 to a few 

years, but some tropical species and perhaps many in the deep 

sea can be long-lived, up to 200 or more years. Some sponges 

do not reproduce sexually until they are several years old, 

whereas others begin to reproduce when they are only 2 or 3 

weeks old. Some of the calcified demosponges grow very 

slowly, at a rate of only 0.2 mm/year. If that growth rate is 

constant, these reef sponges, which can reach 1 m in size, may 

be 5000 years old. 

DIVERSITY OF PORIFERA 

SymplasmasP (Hexactinellida) 
Glass sponges; have syncytial tissues; spicules are siliceous 

triaxonal hexactines that form intracellularly (sclerocytes are 

cellular, not syncytial). Many species have elongate bundle 

(“root”) of monaxons that anchor the sponge in mud 

bottoms; trichimella larva resembles modified parenchymella. 

Marine; approximately 400 extant species. EuplecteUa, Dactylo- 

calyx, Hyalonema, Monoraphis, Rhabdocalyptus. 

CelIulariasP 

Porifera with cellular tissues. 

DEMOSPONGIAEc 

Cellularia of leuconoid design; 80 to 90% of all described 

species. Skeleton of siliceous spicules, spongin, spicules and 

spongin, or mesohyl only; fused calcareous basal exoskele- 

ton in some relict species. Megascleres: monaxons, triaxons, 

tetraxons; all spicules secreted intracellularly; mesohyl well 

developed; choanocytes typically smaller than pinacocytes and 

archeocytes. Marine and fresh water. (Currently, there is lack of 

consensus over the classification of subtaxa of Demospongiae.) 

HomoscleromorphasC: Demospongiae lacking distinction 

between mega- and microscleres. Spicule types not local- 

ized in body; siliceous spicules are di-, tri-, and tetractines; 

spongin mostly absent. Larviparous with coeloblastula 

larva. Octavella and Oscarella have only mesohylar skeleton, 

lack spongin and spicules. Plakina (syconoid). 

TetractinomorphasC: Demospongiae with tetraxons, aster- 

ose microscleres, and mostly without spongin. Oviparous. 
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Acanthochaetes, Ceratoporella, Merlia, all “sclerosponges” with 

a basal calcareous exoskeleton as well as siliceous spicules; 

Chondrilla nucula (chicken-liver sponge of West Indies); 

Cliona spp. (boring sponges); Geodia; Suberites ficus (fig 

sponge); Tethya actinia (tangerine sponge); Tetilla. 

CeractinomorphasC: Demospongiae with distinct mega- and mi- 

croscleres, if microscleres are present; spongin is often 

well developed and several taxa (“keratosa”) have spongin 

only; spicule types localized to specific tissues or regions. 

Larviparous with parenchymella larva. Aplysilla, longispina 

(sulfur sponge); Asbestopluma (Cladorhizidae), carnivorous 

sponges; Callyspongia vaginalis (tube sponge); Dysidea etherea 

(ethereal blue sponge); Ephydatia fluviatilis, Spongilla 

lacustris, Trochospongilla pennsylvanicus, freshwater sponges; 

Halichondria bowerbanki (bread sponge); Haliclona; Halisarca 

lacks spicular and spongin skeleton; Hymeniacidon helio- 

phila (sun sponge); Hippospongia, Spongia (bath sponges); 

Niphates digitalis (vase sponge); Lissodendoryx isodictyalis (garlic 

sponge); Microciona prolifera (red-beard sponge); Mycale; 

Ophlitaspongia; Neofibularia nolitangere (touch-me-not sponge); 

Spheciospongia vesparia (loggerhead sponge); Tedania ignis 

(fire sponge); Vaceletia crypta, a relict sphinctozoan with a 

chambered calcareous exoskeleton; and Verongia (also called 

Aplysina). 

CALCAREAc 

Cellularia including species of asconoid, syconoid, and leu- 

conoid design; spicules are calcite, mostly unfused triaxons, 

tetraxons and monaxons; each spicule formed extracellu- 

larly by more than one sclerocyte. Mesohyl is thin; 

choanocytes relatively large, same size as pinacocytes and 

archeocytes. Larva a hollow blastula. Marine; 500 extant 

species. 

CalcineasC: Calcarea with a choanocytic flagellum not in close 

association with the nucleus; nucleus in base of cell; triax- 

ons have equiangular rays of equal length. Coeloblastula 

larva. Clathrina (asconoid) forms tubular network; Murray- 

ona has a reticulate rigid skeleton of fused calcareous bod- 

ies (sclerodermites). 

CalcaroneasC: Calcarea with a choanocyte flagellum close to 

the nucleus; nucleus is apical in cell; triaxons are inequian- 

gular, one ray longer than other two. Amphiblastula larva. 

Grantia; Leucandra (leuconoid); Leucosolenia (asconoid), 

single tubes or tube cluster from a stolon, among algae; 

Minchinella, rigid skeleton of fused spicules and cement; 

Petrobiona, skeleton is a solid calcareous mass; Sycon or 

Scypha (syconoid), cylindrical to nearly spherical body, com- 

mon under rocks. 

PALEONTOLOGY AND PHYLOGENY 
OF PORIFERA 
The fossil record of the three major taxa of extant sponges — 

Hexactinellida, Demospongiae, and Calcarea—is rooted in 

the Cambrian or Ordovician periods. Two extinct taxa of 
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FIGURE 5-17 Porifera: competing phylogenies. A, Phylogeny 
adopted in this book. 1, N.N.: Small choanocytes with flagellar vane; 
microtubular flagellar root; intracellular secretion of siliceous spicules; 
archeocytes. 2, Porifera: Sessile adult; pinacoderm, mesohyl, and internal 
aquiferous system; dynamic tissue remodeling; archeocytes; sclerocytes; 
siliceous spicules secreted intracelIularly around organic axial filament; 
stereoblastula larva. 3, Symplasma (Hexactinellida): Syncytial trabecular 
network, choanosyncytium; siliceous hexactines; secondary silicification. 
4, Cellularia: Cellular tissues (possible plesiomorphy); porocytes; 
extracellular calcification. 5, Demospongiae: Siliceous tetraxons; 

spongocytes and spongin. 6, Calcarea: Large choanocytes; calcareous 
spicules; loss of siliceous spicules; coeloblastula larva. B, A traditional 
phylogeny. 1, Porifera: As in A, above, plus porocytes in pinacoderm; 
contractile cells; blastula larva. 2, Calcarea: Calcareous spicules secreted 
extracellularly by sclerocytes. 3, N.N.: Siliceous spicules secreted by 
sclerocytes intracellularly around organic axial filament; parenchymella 
larva. 4, Demospongiae: Spongocytes; tetraxon spicules. 5, Hexactinel- 
lida: Syncytial pinacoderm, choanoderm; loss of porocytes. (B, Redrawn 
after Boger from Ax, P. 1996. Multicellular Animals. Vol. 1. A New Approach to 
the Phylogenetic Order in Nature. Springer, Berlin. 225 pp.) 
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PHYLOGENETIC HIERARCHY OF PORIFERA 

Porifera 

Symplasma (Hexactinellida) 

Cellularia 

Demospongiae 

Calcarea 

organisms often considered to be sponges are Archaeocyatha 

(Cambrian) and Stromatoporata (Ordovician to Cretaceous). 

The archeocyathan body consisted of a double-walled, porous, 

calcareous skeleton in the form of an inverted hollow cone 

with radially arranged septa. Stromatoporates resembled 

present-day calcifying demosponges (sclerosponges) in that 

they had a massive basal calcareous skeleton with internal 

tubes, but unlike sclerosponges, they lacked siliceous spicules. 

Another taxon, Sphinctozoa (primarily Ordovician to Trias- 

sic), had a porous calcareous skeleton that was annulated like 

a string of pearls. The extant relict sphinctozoan Vaceletia 

crypta indicates that the skeleton was external to the soft tissue. 

Similarities in its soft tissues with those of demosponges sug- 

gest that Vaceletia, and perhaps some other sphinctozoans, 

should be classified in Demospongiae. 

Archaeocyathans, sphinctozoans, stromatoporates, and 

demosponges were important reef builders in Cambrian and 

Mesozoic seas. Some sponge biologists, accordingly, have 

suggested that an evolutionary trend in sponges has been 

a reduction of the massive reef-building skeleton (Fig. 5-10) 

in favor of a spicular skeleton. The slow growth rate of extant 

sponges with massive skeletons, as compared with stony 

corals, may be a reason for the decline of reef-building 

sponges. On the other hand, the choanoflagellates, which 

share a common ancestor with sponges (Fig. 5-17), produce a 

siliceous spicular skeleton. 

Sponge classification is controversial, even at the highest 

levels. Most of the recent phylogenetic discussions have 

included the sclerosponges (formerly Sclerospongiae) in 

Demospongiae, and that change is adopted here. Another 

recent suggestion is the establishment of two subtaxa, Sym- 

plasma (Hexactinellida) and Cellularia, which formally 

recognize the distinction between hexactinellid syncytial 

organization and the cellular bodies of Calcarea and Demo- 

spongiae. Current systematic discussions center on the phy- 

logenetic relationships of the three extant taxa (Fig. 5-17), 

the position of the sclerosponge species, and the systematic 

relationships among Archaeocyatha, Stromatoporata, and 

Sphinctozoa. 

PLACOZOAp 

In 1883, a minute metazoan superficially resembling a large 

ameba (Fig. 5-18) was discovered in an Austrian seawater 

aquarium and named Trichoplax adhaerens. It has since been 

collected in the sea in various parts of the world and cultured 

numerous times. 

The flattened body, which reaches 2 to 3 mm in diameter 

but only 25 pm in thickness, is enclosed in a layer of cells, 

one cell thick, that resembles an epithelium, particularly 

because typical intercellular junctions join the adjacent cells 

(Fig. 5-18B). The epithelioid layer, however, lacks a basal lam- 

ina, which is a typical epithelial characteristic (see Chapter 6). 

The cells on the upper surface of the body differ from those 

on the lower surface. The upper cells are flat and monocili- 

ated, and each usually contains a large, spherical lipid droplet. 

The lower surface is a creepsole composed of gland and 

monociliated cells with microvilli. Because these cells are tall 

and slender, the individual cilia are close together, producing 

a densely ciliated surface for locomotion. Between the upper 

and lower cell layers is a connective tissue of watery extracellu- 

lar matrix and a syncytial network, the fiber syncytium, the 

fourth type of “cell” in the placozoan body. The multiple 

nuclei of the fiber syncytium are separated from each other 

by intracellular septa, which are not membranes. Such septa 

are common in the syncytial network of hexactinellid sponges 

and in fungi. The fiber syncytium, which is thought to be 

contractile, contains actin (and presumably myosin) and 

microtubules. 

Trichoplax resembles a large macroscopic ameba in form 

and locomotion (Fig. 5-18A). The animals change shape more 

or less constantly as they glide slowly over the substratum. 

Apart from having differentiated upper and lower surfaces, 

Trichoplax is not polarized. As a result, it can move in any 

direction without turning. Sometimes it moves in two direc- 

tions simultaneously and may pull itself apart in the process. 

Trichoplax feeds on algae and other material on the 

substratum. It digests its food extracellularly and extracorpore- 

ally (outside of its body) between its ventral surface and the 

substratum or it can arch upward to produce a pocket in 

which food is digested. The lower cell layer absorbs the prod- 

ucts of digestion. 

The predominant mode of reproduction is clonal by 

fragmentation, as mentioned earlier, and by budding. The 

buds, which are more or less spherical bodies, appear to 

emerge from the upper surface of the body, but they contain 

cells from the upper and lower surfaces as well as connective 

tissue. The flagellated buds are released from the surface and 

swim away. Sexual reproduction has not been observed with 

certainty. Eggs have been described in laboratory individuals 

whose bodies were swollen, spherical, and detached from the 

substratum. Apparently, the eggs arise from cells of the ventral 

surface that dedifferentiate and ingress into the connective- 

tissue space. Definite sperm have not been observed. If eggs 

are confirmed and sperm discovered, then the number of 

specialized cells in placozoans rises to six. The DNA content of 

Trichoplax is smaller than that determined for any other 

animal. 

The taxon Placozoa was created for Trichoplax adhaerens, 

which, like sponges, is probably an early evolutionary line 

among Metazoa (although the fiber syncytium and extracor- 

poreal digestion are reminiscent of fungi). Placozoans, being 

composed of only four types of cells, are indeed simple meta- 

zoans. Their small, flat bodies enable them to rely on simple 

diffusion for transport, thus avoiding the complexity asso- 

ciated with a circulatory system. In some respects, placo- 
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A B 

FIGURE 5-18 Placozoa. A, Part of a living Trichoplax adhaerens in dorsal view. Bf Diagrammatic vertical 

section through Trichoplax showing part of the upper (dorsal) and lower (ventral) cell layers and the middle 

fiber syncytium. (B, After Grell, K. G. 1981. Trichoplax adhaerens and the origins of Metazoa. International congress on 

the origin of the large phyla of metazoans. Accademia Nazionale aei Lined. Atti dei Convegni Lined. 49:113) 

zoans are intermediate between sponges and the remaining 

metazoans. They resemble the hypothetical protometazoan 

(Fig. 4-12D) that has adopted a benthic crawling existence 

and has differentiated its upper and lower surfaces accord- 

ingly. The monociliated cells resemble collar cells in which the 

collars have been reduced to low microvilli, perhaps corre- 

lated with locomotion over a substratum and the abandon- 

ment of filter feeding. The outer epithelioid layer is one step 

closer than that of sponges to a true epithelium, which 

appears fully formed in Cnidaria (Chapter 7). The lower cell 

layer is reminiscent of the digestive epithelium of the guts of 

other animals. 

There remains the problem of a lack of anterior-posterior 

polarity in placozoans. If such polarity occurred in the 

protometazoan, then placozoans, at least the adults, must have 

abandoned it. Perhaps there is some merit to this idea, 

because anterior-posterior polarity is expressed only in the 

larval stages of sponges; larvae have not yet been observed in 

placozoans. A phylogenetic tree depicting the possible rela- 

tionships of sponges, placozoans, and the remaining meta- 

zoans is shown in Figure 5-19. Finally, 18S RNA gene-sequence 

data also suggest that placozoans are intermediate between 

sponges and cnidarians. 
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FIGURE 5-19 Phytogeny of lower Metazoa. 1, Metazoa: Anterior- 

posterior body polarity, monociliated collar cells, connective tissue, 

epithelioid tissue in which adjacent cells are in mutual contact. 

2, Porifera: Filter feeders with an aquiferous system. 3, N.N.: 
Monociliated cells with short microvilli or with microvilli absent, 

epithelioid tissue in which adjacent polarized cells are joined by an 

intercellular junction (belt desmosome), extracorporeal digestion. 

4, Placozoa: Highly flattened body, fiber-syncytium, questionable loss 

of anterior-posterior polarity. 5, Eumetazoa: True epithelium composed 

of a sheet of polarized cells, interjoined by junctional complexes, that 

rests on a collagenous basal lamina; internal digestive epithelium. 
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or most people, the concept of an animal includes 

irritability (the ability to detect and respond to stimuli), loco- 

motion, a sense of direction, and the capture and ingestion of 

prey. The two metazoan taxa discussed so far, Porifera and 

Placozoa, fall short of these qualifications and it may be 

a stretch to admit them to the fellowship of animals. The 

sponges, although sometimes large and colorful, are firmly 

attached to the seabed. Their motionless bodies are elaborate 

skeletal frameworks through which water is inconspicuously 

pumped and filtered. Only their microscopic motile larvae 

seem to hint at future possibilities. Placozoans move, but are 

little more than flattened blastulae that lack a head, so any 

point on the body circumference can become the leading 

end, like a computer mouse moving over its pad. Further- 

more, as saprobes, placozoans feed more like a fungus than an 

animal. To a significant extent, the marginal animal status of 

sponges and placozoans can be attributed to the absence of a 

gut, muscles, and nerves. Although they probably are animals, 

these absences distinguish sponges and placozoans from all 

other metazoans. For this reason, sponges and placozoans are 

sometimes classified as Parazoa (= near animals), the sister 

taxon of Eumetazoa (= true animals), which includes all 

other animals. 

In contrast to sponges, eumetazoan tissues and organs, 

such as gut, nervous system, musculature, and gonads, are 

arranged and localized along one or more definite body axes. 

The functional parts of a sponge, on the other hand, are uni- 

formly distributed throughout the body: A tissue sample taken 

from anywhere in the body will always yield the same parts, 

such as the aquiferous system and mesohyl cells. 

Compared with sponges, the eumetazoan’s greater degree of 

differentiation applies not only to the regions of the body, but 

also to the tissues and cells. Eumetazoans inherited connective 

tissue but evolved epithelial tissue, which enabled them to isolate 

and physiologically regulate internal compartments of the body. 

Some epithelial tissues, moreover, evolved into muscle and ner- 

vous tissues, which together allowed eumetazoans to evolve large, 

mobile, and complex bodies (see also Chapter 4). These and 

other eumetazoan innovations are the subjects of this chapter. 

EPITHELIAL TISSUE  
Epithelial tissue was a key innovation that facilitated the extra- 

ordinary diversification of animals. An epithelium is a cell 

layer that covers surfaces and lines internal cavities and spaces. 
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FIGURE 6-1 Epithelial tissue. A, A typical invertebrate epithelial cell with microvilli on its exposed surface. 
B, Types of junctions between epithelial cells. At sealing septate junctions, apposing cell membranes are bound 
together by surface proteins occluding the intercellular space. At belt junctions, the cells are united by actin 
filaments that emerge from a beltlike thickening on the cytoplasmic side of each cell. At gap junctions, the 
apposing cell membranes are close together and the narrowed intercellular space is bridged by membrane 
channels. Hemidesmosomes anchor epithelial cells to the basal lamina. 
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It separates the external environment from the internal envi- 

ronment of the body or separates internal body compartments 

of different chemical composition. The skin, lining of the gut, 

and linings of many other body cavities are all epithelia. 

Epithelia are essential for the physiological regulation of 

internal extracellular compartments, such as a gut cavity. 

Eumetazoan bodies are collections of isolated compartments, 

each chemically regulated for its specific function. The stomach 

requires a different chemical environment than the intestine, 

for example, and the pericardial cavity must be different from 

the lumen of the heart. Once regulated independently, each 

body compartment can then adopt one or more specialized 

functions, allowing for the evolution of ever-more complex bod- 

ies (see Chapter 4 and Fig. 4-15). Such division of labor pro- 

moted homeostasis, which eventually allowed animals to leave 

the sea and colonize the much more physiologically challeng- 

ing environments of fresh water and land (see Chapter 1). 

Four characteristics of an epithelium are responsible for 

its function: Its component cells are arranged in a continu- 

ous, unbroken layer, have apical-basal polarity, rest on a basal 

lamina, and are joined by intercellular junctions. For an ep- 

ithelium to maintain a chemical difference between adjacent 

compartments, it must be in the form of an unbroken layer. 

Apical-basal polarity means that the cell apex, which faces 

one compartment, differs functionally from the base, which 

faces another compartment. For example, the apical surface 

may absorb macromolecules and the basal surface pump ions. 

The basal lamina is a thir, dense ECM that contains collagen 

(type IV) secreted by the epithelium (Fig. 6-1). Epithelial cells 

anchor to the basal lamina via specialized junctions called 

hemidesmosomes, which are composed partly of cell-adhesion 

molecules (integrins). The basal lamina also may limit transport 

across the epithelium to ions and small molecules. Intercellular 

junctions link the cell membranes of adjacent epithelial cells 

and, in combination with the basal lamina, add strength and 

structural integrity to the epithelium. Some, called adhering 

junctions (spot desmosomes and belt junctions), are mechanical 

in function and bind together the cells of the epithelial layer. 

Sealing junctions (septate junctions and tight junctions) seal the 
spaces between cells, thus preventing the unregulated passage of 

ions and molecules across the epithelium. Gap junctions create 

small transmembrane channels (“gaps”) that join the cytoplasms 

of adjacent cells and allow the free, unregulated passage of ions 

and molecules between them. Epithelial (and other) cells linked 

by gap junctions behave like a single cell, especially with respect 

to nervous impulse conduction. Impulse conduction is very 

rapid along such an epithelium because there is no delay at 

intercellular junctions, as is the case when conduction requires 

the release and diffusion of neurotransmitters at a synapse. 
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FIGURE 6-2 Gastrodermis and gut. The gut is an internal body 

compartment specialized for the extracellular digestion of large foods, 

circulation of food molecules (arrow), and absorption of nutrients. 

Another eumetazoan innovation was a gut, an internal, 

epithelium-lined cavity for the digestion and absorption of 

food. Except for sponges and placozoans, almost all animals 

have an internal gut cavity that opens to the outside through 

an opening called the mouth. The gut cavity is lined by an 

epithelium, called the gastrodermis (= stomach skin), that 

joins the epidermis at the mouth (Fig. 6-2). 

The gut cavity, or lumen, isolated from the external envi- 

ronment, makes possible the use of large foods. Extracellular 
digestion occurs in most eumetazoan guts and is a function of 

that cavity’s volume. Thus, animals that digest food in an 

extracellular gut compartment require less gut surface area 

than do intracellular digesters to break down (hydrolyze) an 

equivalent amount of food. During the process of extracellu- 

lar digestion, secretory gastrodermal cells release enzymes into 

the gut lumen and within this confined space the enzymes 

hydrolyze large foods into small particles and molecules that 

are then absorbed by other cells of the gastrodermis. 

Absorption of nutrients, however, is a function of the area 

of the absorptive surface. Thus, the absorptive part of the 

eumetazoan gut typically has a large area, which often results 

from branching or folding of the gut wall. 

In several taxa of eumetazoans, the gut is also a circulatory 

system for transport of nutrients and other substances (see 

Chapter 4 and Fig. 4-8, 6-2). Cilia or muscles associated with 

the gastrodermis mix the gut contents during digestion and 

distribute nutrients, sometimes widely, for absorption and use 

by tissues and organs of the body. 

EPIDERMIS, GASTRODERMIS, 
AND GUT 

The epithelium that covers the surface of the eumetazoan 

body is the epidermis (= outer skin). Its primary function is to 

present a barrier to the external environment and so to allow 

internal regulation and homeostasis. 

CONNECTIVE TISSUE  
The connective-tissue compartment, which may be thin or 

thick, is situated between the epidermis and gastrodermis 

(Fig. 6-2). Sometimes it consists only of epidermal basal 

lamina and gastrodermal basal lamina, but sometimes it 

is the two laminae plus looser ECM called reticular lamina 
(Fig. 4-1). The reticular lamina usually contains fibroblast 

cells, which secrete protein components, as well as other types 

of cells, such as those of the sponge mesohyl. By definition, 
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a connective tissue consists of both ECM and cells (see 

Chapter 4); if cells are absent, then the layer is simply ECM. 

This middle layer, however, is probably homologous in all 

animals and perhaps should be designated as the connective- 

tissue compartment, whether or not it meets the technical 

definition of connective tissue in all instances. The connective- 

tissue compartment of sponges is the mesohyl; of placozoans, 

the unnamed cavity containing the fiber syncytium; and of 

metazoan embryos in general, the blastocoel. The connec- 

tive-tissue compartment of Hydra, sea anemones (Cnidaria), 

and comb jellies (Ctenophora) is called mesoglea, whereas 

the equivalent layer in higher animals is known simply as 

connective tissue. 

Motile ameboid cells that arise from epithelia and enter 

the embryonic blastocoel are called mesenchyme, or mes- 

enchymal cells, but there is no collective term for cells in the 

connective-tissue compartment of adults apart from “connec- 

tive-tissue cells” or even “mesodermal cells.” Few zoologists, 

however, would favor the term mesoderm (= middle skin) for 

cells of the sponge mesohyl, for example. Instead, mesoderm 

generally is reserved for middle-layer cells that originate from 

a specific, identifiable germ layer, namely the endoderm (see 

Development later in this chapter and Chapter 9). 

SKELETONS  
A tissue-level skeleton typifies metazoans. A skeleton is any 

structure that maintains body shape, supports or protects 

a body, and transmits contractile forces (see Chapter 4). The 

skeleton may be an exoskeleton, such as the cuticle of an 

insect, that encloses the body, or an endoskeleton, such as the 

sponges’ spicular skeleton that is secreted by connective-tissue 

cells, or the bones of vertebrates. Although eumetazoans 

exploit the potential of both skeletal types, they also introduce 

to the endoskeletal theme a new variation, a fluid-filled body 

cavity used as a skeleton. 

FLUID SKELETON 
Curiously, fluids, such as water, can be effective skeletons. A 

water-filled skeleton is called a hydrostatic skeleton, or 

hydrostat. An inflated sea anemone is a good example of an 

animal supported by a hydrostatic skeleton, although many 

other animals also use them. The bodies of these animals 

are supported by the slightly pressurized water within them, 

much as a balloon maintains its shape when inflated with 

water (or air) (Fig. 6-3A,B). Because water is virtually 

incompressible at the pressure generated by muscles, 

hydrostats are constant in volume and any localized increase 

in pressure as a result of muscular contraction will be trans- 

mitted equally throughout the hydrostat. Not only can the 

body be supported by such a mechanism, a force generated 

by the displacement of water in one region can be used to 

do work in another. (Using your hand or your imagination, 

constrict the middle of a water-filled, cylindrical balloon 

and observe the effect on the two free ends.) Such fluid 

movements are used to inflate and extend body parts, such 

as sea anemone tentacles and spider legs, to anchor in 

crevices or sediments by swelling the embedded part of the 

body, and to produce coordinated waves along the surface 

of the body (peristalsis) for swimming, burrowing, or venti- 

lating a burrow. 

Many animals with hydrostatic skeletons, such as sea 

anemones and worms, have more or less cylindrical bodies, 

and often the body wall is reinforced with a mesh of inelastic 

fibers similar to the windings in the wall of a garden hose or 

the wire belts of a radial tire. The fibrous mesh toughens the 

body wall but also prevents uncontrollable bulges, or 

aneurisms, from developing as the hydrostat is pressurized 

(Fig. 6-3C). To prevent aneurisms, the meshwork fibers may 

be oriented in either an orthogonal pattern, in which one set 

is parallel and the other perpendicular to the long axis of the 

body (Fig. 6-3D), or in a crossed-helical pattern, in which the 

fibers wind around the body in two helixes, one left-handed 

and one right-handed (Fig. 6-3E). 

FIGURE 6-3 Hydrostatic skeleton: fiber reinforcement. A balloon (A), when filled (B), is supportive and 

approximates a hydrostatic skeleton. C, Addition of more air or water causes an aneurism as the balloon begins 

to inflate. Although both orthogonal (D) and crossed-helical (E) meshes protect against aneurisms, only the 

crossed-helical pattern prevents kinks and allows the body to elongate and shorten. (Redrawn from Wainwright, 

S. 4. 1988. Axis and Circumference. Harvard University Press, Cambridge, MA. 132 pp.) 
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Although both orthogonal and crossed-helical patterns 

prevent aneurisms, only the crossed-helical pattern of fiber 

reinforcement is suitable for animal body walls. The orthogo- 

nal pattern (Fig. 6-3D) fails because the orientation of the 

inelastic fibers does not allow the length or diameter of the 

body to change. The orthogonal pattern also fails because it 

does not resist kinks as the body bends. Kinks, like aneurisms, 

are maladaptive for animals. The crossed-helical pattern, in 

contrast, resists kinks and permits changes in body length and 

diameter because the fibers are always at an angle to the 

primary axes of the body (Fig. 6-3E). The behavior of helical 

fibers in the body wall of an anemone is roughly similar to that 

of a coil spring; the spring is composed of inelastic steel wire, 

yet it can be freely extended and shortened and does not kink 

when bent. 

Helical reinforcing fibers are often proteins, such as colla- 

gen, embedded in invertebrate cuticles, as in earthworms 

(annelids), or in the connective tissue (reticular lamina) 

beneath the epidermis of the body, although they can also 

occur around such specialized body structures as tentacles, 

blood vessels, and notochords. In humans, for example, fail- 

ure of the fibers to contain internal pressures may result in 

arterial aneurisms, varicose veins, ruptured (“slipped”) verte- 

bral discs, and hernias. 

SOLID SKELETON 
Eumetazoans also can have endoskeletons and exoskeletons 

composed of solid materials. These solid skeletons can be 

further classified as either pliant or rigid skeletons. A pliant 

skeleton consists of materials that are rubbery and elastic, 

such as cartilage. A rigid skeleton is made of materials such as 

bone or shell that resist any change of shape. 

Pliant skeletons, like hydrostatic skeletons, deform when 

stressed, but unlike them, they are elastic and spring back to 

their original shapes when the stress is removed. Among inver- 

tebrates, pliant skeletal material is used in the hinge of clams 

and in the supportive structures of horny corals, such as the 

sea fans. Pliant skeletons may be either endoskeletons or 

exoskeletons. Although there are a few specialized rubbery 

proteins, most pliant skeletons are composites formed of pro- 

teins, polysaccharides, and water. They range in consistency 

from watery gels, as in the mesohyl of sponges and the con- 

nective tissue (mesoglea) of a few comb jellies, to the stiff, 

springy jelly (mesoglea) of many jellyfishes. One obvious 

advantage of having a pliant skeleton is that muscle power is 

required only for the initial change of shape, not to restore 

the body to its starting position. Energy is stored by the pliant 

skeleton and used later to restore the original shape. Pliant 

skeletons can be made stiffer by the addition of rigid pieces, 

such as mineral spicules, sand grains, or organic fibers that 

include collagen (spongin), chitin, or cellulose. 

Rigid skeletons may form a supportive platform as in stony 

corals, a lattice arrangement as in glass sponges, or a frame- 

work of beams and levers as in the appendages of insects and 

vertebrates. Rigid skeletons may be endoskeletons or exoskele- 

tons, but they always are composed of composite materials. 

Although there are exceptions, rigid skeletons tend to be 

more common in terrestrial animals, which must support 

themselves in air; in animals that move rapidly in water, such 

as crustaceans and fishes; and in exposed sessile and slow- 

moving benthic animals like barnacles and snails, for whom 

the skeleton is not only a supportive structure but also a pro- 

tective retreat. Rigid skeletal frameworks, in conjunction with 

specialized muscles and ligaments, provide leverage for the 

precise application of large forces by certain appendages and 

the rapid, but less forceful movements of others. 

MOVEMENT AND BODY SIZE  
Movement is a distinguishing characteristic of animals. Although 

some animals, like sea anemones, oysters, and barnacles, live 

attached to rocks and other objects, they can still move parts of 

their bodies. Even adult sponges are capable of limited move- 

ment. Animals use two fundamentally different structures for 

movement: cilia and muscle. 

Cilia and flagella are surface structures that function in an 

aquatic medium. Because they occur on surfaces, their use in 

locomotion is effective in animals that have a large surface 

area in relation to their volume. These are organisms of small 

body size, such as ciliated protozoa or metazoan larvae, or very 

flat body form. In both cases, the ciliated area of the body is 

large in relation to its volume (or mass), and the sinking 

speeds are slow. Such small animals typically move at speeds of 

no more than a few millimeters per second, but this can mean 

several body lengths per second. Ciliary motion also is useful 

for moving fluid and small particles over surfaces such as the 

linings of small tubes, as when water is moved over gills, partic- 

ulate food is moved through the gut, or dust is moved from 

a human trachea. 

A striking feature of locomotion in tiny animals is that their 

forward motion stops immediately when the ciliary beat is 

arrested; they do not glide or coast. For them the water is not 

very liquid, but rather as viscous and sticky as molasses is to us. 

The reasons for this are again related to surface area and 

volume. Surface friction, or viscous drag, between the water 

and the body is large because the body’s surface area is so 

large. Forward momentum and the tendency to coast are 

infinitesimal forces because the body’s volume-mass is tiny and 

swimming speed slow. Thus surface friction overwhelms 

momentum: Movement ceases the instant ciliary beat stops. 

The aquatic locomotion of lilliputian animals is dominated 

by surface friction. Using their cilia (and sometimes other 

appendages, too), they move through water like a raft being 

poled over a mucky shoal. The cilium (or pole) works in 

propulsion because of the friction between it and the 

medium. Forward progress depends entirely on the difference 

in friction between the “power” stroke and the “recovery” 

stroke. For this reason, a cilium is extended stiffly during its 

power stroke, which maximizes friction, and flexed close to 

the body during the recovery stroke to minimize friction. 

Under these conditions, the organism (or raft) does not 

develop momentum and thus stops immediately at the conclu- 

sion of the ciliary (or pole’s) power stroke. 

Among bigger animals, the volume-mass of the body is 

large in relation to its area, the opposite of the relationship 

seen in tiny animals. For this reason, the surface-area friction 

tends to be small and the volume-mass momentum large. 



Muscle Cells and Tissue (Musculature) 103 

Thus momentum overwhelms friction and the animals glide 

or coast when their locomotory appendages stop moving. 

Because of their relatively small surface area and large 

volume-mass, large animals have abandoned locomotory cilia. 

Instead, they are propelled by the contraction of a muscula- 

ture, which occupies a volume in the body. The momentum 

developed by a large massive body in motion dominates the 

retarding effect of the viscous forces, but substantial pressure 

drag can develop if the flow of water around the body 

becomes turbulent instead of smooth. Large fast-moving 

animals, like squid and fish, minimize this turbulence by 

becoming streamlined. The fastest swimmers are typically the 

largest, because as body size increases, the body’s volume, 

which produces the musculature, increases faster than its 

surface area, which creates the surface friction. 

MUSCLE CELLS AND TISSUE 
(MUSCULATURE)  

All animals move using muscular contractions even if the chief 

locomotory force is ciliary. Elongating and shortening the body 

or a body part is a simple form of movement that usually 

involves changes in diameter. Restriction of elongation or 

shortening to one side of the body or appendage causes it to 

bend. Such contractions enable sessile, attached animals such 

as the sea anemone to extend upward, bend toward food, or 

retract from predators. Small motile eumetazoans, for example 

the larvae of sea anemones, swim with cilia, but can bend and 

thus turn using muscular contraction. As surprising as it may 

seem, the ability to turn purposefully while moving forward is 

a eumetazoan innovation. For a cumbersome alternative, recall 

how Paramecium, in the absence of turning muscles, changes 

course while swimming. Its “avoidance reaction” requires it to 

stop, back up, turn (using cilia), and again move forward. 

Bodywide contractile movements became possible with the 

evolution of muscle fibrils (actin and myosin filaments in fixed 

arrangement) located within the basal part of epithelial cells 

that have other functions besides contraction. Such cells, 

called epitheliomuscular cells (Fig. 6-4A) are characteristic of 

Hydra, sea anemones, and their relatives and also appear scat- 

tered elsewhere in Eumetazoa. Myoepithelial cells are similar, 

but the apical ends of the cells are reduced and are not 

exposed at the surface of the epithelium (Fig. 6-4B). For 

example, human sweat glands, mammary glands, and the iris 

of the eye all contain myoepithelial cells. True muscle cells, or 

myocytes, have lost their epithelial characteristics, abandoned 

the epithelium for the connective-tissue compartment, and 

are specialized solely for contractile function (Fig. 6-4C). 

Three basic types of muscles — smooth, cross-striated, and 

obliquely striated—occur in eumetazoans (Fig. 6-5). Smooth 
muscle (Fig. 6-5A,D) generally contracts slowly, but develops 

tension over a wide range of stretch lengths (excursions). Its 

presence is often correlated with an extensible body or 

appendage, for example, a highly extensible and contractile 

tentacle. Cross-striated muscle (Fig. 6-5B) contracts rapidly, 

but develops tension over a limited excursion. Cross-striated 

muscle is often associated with a body or appendage that 

FIGURE 6-4 Muscle tissue: three evolutionary grades of 
organization. Epitheliomuscular cells (A) and myoepithelial cells 
(B) are both part of a multifunctional epithelium. In C, myocytes, 
sometimes called true muscle cells, are below the epithelium in the 
connective-tissue compartment and constitute a distinct muscle tissue 
separate from the overlying epithelium. 

moves quickly over a fixed distance, such as a swimming undu- 

lation or the snapping of jaws or claws. Obliquely striated 

muscle (Fig. 6-5C) is intermediate in performance between 

smooth and cross-striated muscle. It contracts relatively 

quickly and operates over a wider excursion than cross-striated 

muscle. Not surprisingly, it is often associated with soft-bodied 

and thus extensible animals, such as earthworms, that also can 

make rapid movements. 

Muscles are often organized as an antagonistic set that acts 

on a skeleton. One muscle of the set moves the body or 

appendage in one way, whereas its antagonist moves it in the 

opposite direction to restore it to the original position. 

Because muscles can only contract, antagonism is essential to 

restore contracted muscles to their extended condition so that 

they can contract again. The biceps and triceps muscles of 

mammals, for example, constitute an antagonistic pair. The 

biceps flexes the forearm and the triceps extends it. Inverte- 

brates with a hydrostatic skeleton, such as sea anemones, 

usually have antagonistic circular and longitudinal muscles 

that extend and shorten the body, respectively. 
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Z-(dense) body 

FIGURE 6-5 Muscle cells: functional designs. A, Smooth 

muscle found in cnidarians and ctenophores. Actin (thin) 

filaments anchor directly to the cell membrane. These 

smooth muscle celis operate over a wide excursion and 

sometimes coil as they shorten. B-D, Actin filaments 

anchor to the cell membrane and cytoplasmic proteins 

(Z material). B, Cross-striated muscle shortens rapidly over 

a fixed distance. It is associated with the twitchlike swimming 

pulsations of cnidarian jellyfish, movement of appendages 

in arthropods and vertebrates, retraction of tentacles in 

bryozoans, and similar movements in other taxa. C, Obliquely 

striated muscle shortens more slowly than cross-striated does, 

but it contracts forcefully over a wider excursion. It tends to 

occur in soft animals, such as ribbon worms and annelids, 

whose bodies may be stretched substantially. D, Bilaterian 

smooth muscle is common in flatworms, molluscs, and the 

gut musculature of many animals. Depending on details of its 

design, such as filament length and thickness, it may shorten 

moderately quickly to slowly and develop moderate to high 

levels of tension. As in A and C, this design can operate over 

a wide excursion. 

NERVE CELLS (NEURONS) AND 
TISSUE (NERVOUS SYSTEM)  

For animals to move rapidly in response to external stimuli, they 

must coordinate their body’s movements through muscle con- 

traction. Neurons, or nerve cells, evolved in conjunction with 

muscle and other effectors as a means of meeting those needs 

(Fig. 6-6). Neurons respond to stimuli and transmit information 

in the form of a rapid wave of depolarization (a nerve impulse) 

along the neuron membrane (axon) to the target cells and tis- 

sues (effectors). The evolution of neurons exploited the capacity 

of all cells to regulate the ion concentrations on the inner and 

outer sides of the cell membrane, thereby creating a difference, 

or polarity, in the electrical charge on the two sides. This charge 

difference creates an electrical potential, which is measured and 

expressed in millivolts. The nerve impulse (action potential) is 

simply a propagating loss of this charge difference (depolariza- 

tion) along the length of the membrane. 

When an action potential reaches the end of a neuron, it 

can be transmitted to the next neuron or to an effector such 

as a muscle in one of two ways. If the two cells are joined by 

a gap junction, the action potential spreads unimpeded and 

without a time lag to the second cell. Such cells are said to be 

electrically coupled. If the two cells lack a gap junction, the 

action potential must be conducted by the release and diffu- 

sion of a chemical neurotransmitter from the first cell to the 

second. After a short diffusional time lag, the neurotransmit- 

ter initiates a new action potential in the second cell. This 

specialized, chemically coupled junction is called a synapse. 

The capacity of cells to secrete neurotransmitters such as 

acetylcholine or serotonin (Chapter 2) and to conduct an 

action potential preceded the evolution of neurons. The avail- 

able evidence suggests that neurons, like myocytes, originated 

from epithelial cells but then migrated to the connective-tissue 

compartment (Fig. 6-6). Some of these neurons, the superficial 

sensory cells, remained in the epithelium and retained epithe- 

lial characteristics. Others adopted a subsurface position, 

developed long processes, and linked the effectors with the 

sensory cells. Unique to neurons is their wirelike shape, making 

possible the conduction of signals over a long distance, and 

their arrangement into networks and circuits, which allowed 

centers of information processing and distribution to evolve. 



Sense Cells and Organs 105 

ty 

A 

Basal 
lamina 

Ciliated 
cell 1 

Epitheliomuscular 
cell 

B 

( II ^ 

O 

r ii ^ 

• 
( 11s 

• 
ii '' 

• 
' ll w. 

U 
/M 

/ \ 

JJJOI 
n ^ 1! 

1 4 • 
Ciliated 
sensory 
cell 1 

Synapse Epitheliomuscular 
cell 

Ml IJAIIJLL WJ 

c 

f 11 

? 
7. II T 

11 

f 
II ' II T 

i /mh 
u T "A 

1 X 

V  
# \#/«\4 

\ ^ 

Ciliated 
sensory 
cell 3 

Ciliated 
sensory 
cell 2 

Myoepithelial 
cell 

Inter-motorneuron 1 

Ciliated Interneuron 2 
sensory 

D cell 3 Motorneuron 1 
Myocyte 

FIGURE 6-6 Evolution of the neuromuscular system (hypothetical). 

A, Epithelial conduction (arrow) of stimulus to an epitheliomuscular 

cell (or other effector). B, Ciliated sensory receptor cell 1 evolved from 

a ciliated epithelial cell and forms a synapse directly with the effector. 

C, Sensory cell 1 has evolved into a combination inter-motorneuron that 

receives and integrates stimuli from receptor cells 2 and 3 and then 

stimulates the myoepithelial cell. D, Neuromuscular system consisting 

of sensory cell 3, an interneuron (modified sensory cell 2), and a 

motorneuron (modified sensory cell 1), which innervates the myocyte. 

SENSE CELLS AND ORGANS  

FORM AND FUNCTION 
Animals, like other living organisms, are more likely to be 

successful if they respond appropriately to environmental vari- 

ations. These variations include the availability of food, water, 

mates, and other resources, as well as the presence of preda- 

tors. Short-term adaptive responses, such as movement toward 

prey or away from predators, are mediated through the ner- 

vous system, whereas long-term responses, such as a seasonal 

onset of reproduction, are mediated through the endocrine 

system by the release of hormones. 

Animals obtain a dynamic picture of their environment by 

using sensory structures, each of which is specialized to detect 

a particular type of stimulus. Three classes of stimuli can be 

identified: electromagnetic energy (light, including infrared), 

mechanical energy (sound, vibrations, touch, pressure, grav- 

ity), and chemical stimuli (taste, smell). 

In the simplest cases, a sensory neuron may be linked 

directly to an effector, such as a chemoreceptive sensory 

cell that makes a synapse with a stinging cell (cnidocyte) of 

a Hydra. This circuit results in a local action in response to 

a local stimulus. At the opposite extreme, the entire body 

can respond to a complex pattern of stimuli. For example, 

photoreceptive cells can be grouped together with other 

cells to form an eye. The eye of some animals contains 

accessory structures, such as a lens, which can focus an image 

on the sensory neurons. The sensory neurons encode and 

transmit the image data as impulses to optic neurons, which 

convey the information to the central nervous system (CNS). 

The CNS, in turn, decodes the information and projects it as 

a mental image, a faithful representation of the external 

world, on which an adaptive response can be based. 

Direction and distance to the source of stimuli are two of 

the most important sensory determinations because they 

define the spatial position of the organism in relation to 

objects and events in the environment. Eumetazoan animals 

have receptors for all three classes of stimuli that provide 

directional and distance information. Generally, all three types 

of receptors occur in each organism. But in many cases, one 

sensory modality dominates the others, as with vision in 

primates, hearing in bats, and smell in sharks. 

Invertebrate receptor neurons evolved from ciliated 

epithelial cells, and their sensory surfaces are typically modi- 

fications of cilia or microvilli once on the apex of the ances- 

tral cell (Fig. 6-6). The simplest receptors are individual 

receptor neurons situated in the epidermis (or gastroder- 

mis) of an organism. Later, groups of photoreceptor or 

chemoreceptor neurons became locally concentrated in 

patches and cuplike depressions in the epithelium. The sen- 

sory cups typically have only a single window through which 

to admit stimuli such as light or chemical molecules, and 

that organization imparts directional sensitivity. Mechanore- 

ceptors also may be clustered in patches, or even in rows 

representing x-, y-, and z-axes, but rarely among inverte- 

brates do they form subsurface organs as in the lateral-line 

system of fishes or the mammalian inner ear. One exception 

is a gravity receptor called a statocyst, which is of common 

but sporadic occurrence. 
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The gravity receptors and eyes described next are organs: 

functionally specialized structures composed ot two or more 

different tissues. These two organs typically consist of nervous 

and nonnervous (somatic) tissues. Along with a gonad, which 

consists of reproductive and nonreproductive tissues, gravity 

receptors and .eyes are the first definite organs to appear in 

eumetazoans. It is tempting to suggest that organs evolved first 

in eumetazoans, but remember that the spermatic cysts and 

Neurons 

Nucleus of 
capsule cell 

Statocyte 
nucleus 

Capsule 

Statolith 

FIGURE 6-7 Sense organs: statocyst of an acoel flatworm. A, Microscopic view of a statocyst of a living acoel. 
B, Micro-anatomy of the acoel statocyst. (B, Modified and redrawn fromEhlers, 1991) 
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FIGURE 6-8 Sense organs: photoreceptors and ocelli. A, Ciliary photoreceptors. B, Rhabdomeric 
photoreceptors. C, A cnidarian pigment spot ocellus. D, An everted pigment cup ocellus. E, An inverted pigment 
cup ocellus. (A and B, Modified from Eakin, R. M. 1968. Evolution of photoreceptors. In Dobzhansky, T. et al. (Eds.): 

Evolutionary Biology. Vol. 2. Appleton-Century-Crofts, New York. p. 206; C and D, adapted from Singla, C. L. 1974. Ocelli 

of hydromedusae. Cell Tiss. Res. 49:413-429.) 
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egg follicles of sponges also meet the criteria of a gonad organ 
(see Sexual Reproduction and Development, Chapter 5). 

GRAVITY RECEPTORS 
A statocyst is a hollow capsule lined with mechanoreceptive 

cells that has a dense particle, the statolith, at its center 

(Fig. 6-7). As the orientation of the animal changes, the 

direction of gravitational pull on the statolith changes and 

stimulates different areas of the statocyst lining, thus convey- 

ing to the animal a sense of its orientation in relation to up 

and down. 

PHOTORECEPTORS AND EYES 
Of all the sensory organs expressed by invertebrates, the 

most conspicuous and best known are eyes. The photorecep- 

tor cells of most animals have evaginations on some part 

of their apical surface, providing greater surface area for 

photochemical reactions. The two principal types of photore- 

ceptors, ciliary and rhabdomeric, are both derived from 

monoeiliated cells. In ciliary photoreceptors the photo- 

sensitive surface is derived from the membrane of a cilium 

(Fig. 6-8A), and in rhabdomeric photoreceptors it is derived 

from the microvilli of the cell surface (Fig. 6-8B). Both types 

certainly evolved numerous times in the animal kingdom, 

and epidermal cells probably were their precursors; epider- 

mal cells usually bear cilia and microvilli, and epidermal cells 

are the first cells through which light would pass on entering 

an animal’s body. 

The photoreceptors of some animals, such as earthworms, 

are dispersed as individual cells over the integument. Thus, 

earthworms can respond to light in the absence of eyes. Most 

animals, however, have photoreceptors concentrated in an 

eye. An eye enables an animal to utilize other information 

provided by light besides general light intensity. 

The simplest eye, called an ocellus, is organized as a pigment 

spot or pigment cup and is usually associated with the integu- 

ment. A pigment spot ocellus is a patch of photoreceptors inter- 

spersed with pigment cells (Fig. 6-8C). In a pigment cup ocellus 

the pigment cells form a cup into which the photoreceptor 

elements project (Fig. 6-8E). When the photoreceptors project 

between the pigment cells into the lumen of the cup and face 

the light, the ocellus is said to be everted (direct) (Fig. 6-8D); 

this arrangement is typical of integumental ocelli. In flatworms, 

the pigment cup lies below the epidermis and the photorecep- 

tors project into the cup opening, not between the pigment 

cells (Fig. 6-8E), and face away from the light. An ocellus of this 

type is said to be inverted (indirect). In all eyes, the pigment 

cells partially shade the photoreceptors, enabling the animal, 

depending on the number of photoreceptors shaded, to deter- 

mine the direction of the light source. 

DEVELOPMENT  
As in all metazoans, eumetazoan development begins with a 

fertilized egg, or zygote. Cleavage of the zygote leads to a blas- 

tula, which consists of a single layer of cells forming a solid 

mass (stereoblastula) or layer of cells over a “hollow” blasto- 

coel (coeloblastula) (Fig. 6-9). 

In eumetazoans, the singled-layered blastula is converted 

into a two-layered gastrula during gastrulation. A gastrula is the 

embryonic stage composed of the two primary germ layers, 

the ectoderm and endoderm (Fig. 6-9). Later in development, 
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FIGURE 6-9 Gastrulation: invagination, epiboly, 

ingression. A, Invagination: vegetal-pole cells fold 

inward to form an archenteron. The opening 

to the exterior is the blastopore. B, Epiboly: 

animal-pole cells grow down and over the 

yolk-laden cells of the vegetal hemisphere. 

C, Ingression: cells cleaved inward from the 

blastula wall fill the interior of the blastocoel. 

The interior mass of the cells later hollows out 

to form the cavity of the archenteron. 
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the ectoderm will give rise to the epidermis and the nervous 

system and the endoderm to the gastrodermis and gut deriva- 

tives. The extracellular matrix between the ectoderm and 

endoderm is the blastocoel, which is the embryonic precursor 

of connective tissue (or connective-tissue compartment). 

The cavity formed by the endoderm is the archenteron 
(= primitive gut) that will become the adult gut cavity. Often, 

the archenteron opens at a surface blastopore. The blastopore 

can become the mouth, anus, or both, depending on the 

taxon. 

Gastrulation, a critical step in eumetazoan development, is 

a period of cell movements in which the primary germ layers 

are established. Three common forms of gastrulation are 

invagination, epiboly, and ingression (Fig. 4-14, 6-9). During 

invagination (or emboly), cells of the vegetal hemisphere fold 

inward into the interior (Fig. 6-9A) to form the endoderm and 

archenteron, leaving the ectoderm on the outside. In gastrula- 

tion by epiboly, the cells of the animal half of the embryo 

overgrow those of the vegetal half (Fig. 6-9B). During ingres- 
sion, cells are proliferated from the blastular wall into the inte- 

rior (Fig. 4-14, 6-9C). In general, very small eggs with little 

yolk gastrulate by ingression, those of intermediate size by 

invagination, and the largest with abundant yolk by epiboly or 

other means. 

The adult body of a few primitive eumetazoans, such as 

Hydra, consists only of the two epithelial layers, the epidermis 

and gastrodermis. These arise directly from the embryonic 

germ layers of the ectoderm and endoderm, respectively, 

and for this reason such animals are said to be diploblastic 
(= two germs). The embryos of other primitive eumetazoans, 

as well as all apomorphic taxa, have a third germ layer, the 

mesoderm, between the ectoderm and endoderm, and are 

therefore triploblastic. Mesoderm may be either epithelial or 

mesenchymal and may originate developmentally from either 

of the two primary germ layers. The origin and derivatives of 

mesoderm are discussed further in Chapter 9. 

GROWTH  
Eumetazoans are differentiated regionally into functionally 

specialized parts, such as feeding appendages, mouth, gut, 

gonads and other structures. Together, these parts constitute 

an integrated functional unit that we generally think of as the 

body of an animal. This body is established at the close of 

the developmental period, but once development ends and 

the juvenile form is attained, two different patterns of growth 

can occur (Fig. 6-10) to bring about further changes. 

If the juvenile grows by a general increase in body size, then 

the result is a large solitary adult (Fig. 6-10A,B). On the other 

hand, the juvenile may enlarge only slightly and then replicate 

itself by clonal budding. If the differentiated buds remain 

attached to one another, then growth is by the addition of new 

functional units, or modules, each of which resembles the 

juvenile and is called a zooid (= tiny animal, pronounced 

ZOE-oid). Growth by the addition of zooids, called modular 

growth, results in a colonial adult (Fig. 6-10A,C). 

Although both solitary and modular growth can result in 

a large body, growth in solitary organisms is accompanied by 

a disproportionate, or allometric (= different measure), 

increase in areavof one or more surfaces of the body. These 

amplified surfaces may be gills, feeding appendages, the gut 

lining, or other structures. In the absence of such enhanced 

surface growth, the area for the supplying of food, gases, and 

other substances might not keep pace with the demand of the 

body’s greatly increased volume (Fig. 4-6, 6-10A,B). 

The modular growth of colonial organisms, on the other 

hand, is additive, or isometric (= similar measure), and thus 

preserves the favorable area-to-volume ratio (5:T) of the small- 

bodied juvenile. This relatively large surface area is retained 

because growth is by the addition of small-bodied zooids, each 

of which has a large S: V. The large surface area, the broad dis- 

tribution of multiple mouths and feeding appendages over 

C 

FIGURE 6-10 Growth: solitary and modular. In A and B, the juvenile 

body (A) undergoes a general enlargement resulting in a solitary adult 

(B). This pattern of growth is accompanied by a change in body 

proportions (allometry) to ensure appropriately increased surface area. 

In this example, growth is accompanied by an increased number of 

tentacles for feeding and gas exchange and by gastrodermal folds 

(septa) for digestion and absorption. In A and C, the juvenile (A) grows 

by budding to form a colonial adult. In this modular pattern of growth, 

the juvenile body does not increase in size, but rather in number, and 

its proportions change little if at all (isometry). As a result, such colonial 

adults retain a favorable area-to-volume ratio. 
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the surface of the body, and the small size of the zooids all 

predispose colonial animals to suspension feeding (or light 

capture for photosynthesis). In contrast, gut enlargement with 

growth in solitary animals adapts them to feed on large prey. 

Suspension feeding remains an option for solitary animals, but 

only if the area of the food-collecting surface is amplified. 

Solitary growth is correlated with locomotion using 

a whole-body musculature, although some solitary animals, 

such as sea anemones, are nearly sessile. A large body and 

muscular locomotion, in turn, require a complex nervous 

system for sensory input, integration, and motor control. 

In contrast, colonial animals, with their small zooids and 

multiple body axes, are usually sessile and attached organisms, 

but a few are motile. Motile colonies, such as the Portuguese 

man-o’-war, are usually planktorfic and at the mercy of wind 

and currents. Such colonies never match the locomotory 

performance of similarly sized solitary animals. 

Among solitary animals, growth and increasing complexity 

typically occur along one primary body axis, which generally 

coincides with the axis of the gut. Colonies often grow along 

multiple axes and only rarely does one of these correspond to 

the gut axis of the unbudded juvenile. Instead, modular 

growth can produce either a flat mat from which zooids arise 

or a stolon or a network of stolons bearing zooids, or the inter- 

connected zooids themselves may give rise to a variety of 

forms, including branching networks, tufts, and crusts. 

Because modular growth resembles growth in many plants, 

colonial organisms are often plantlike in appearance and are 

often confused with seaweeds or mosses. 

Although modular growth can result in a large animal with 

little more structural complexity than a single zooid, some 

colonial animals have achieved moderate levels of differentia- 

tion and functional integration. In those few cases, such 

as the Portuguese man-o’-war, the differentiation occurs along 

a single body axis and thus the colony individual comes to 

resemble a solitary individual. Differentiation during modular 

growth is achieved by specialization of zooids, which results in 

zooidal polymorphism, or zooids of different forms and func- 

tions. These polymorphic zooids are comparable to the 

specialized organs of a solitary organism. Polymorphism 

within a colonial body is another example of the replication- 

specialization-integration pattern for the evolution of com- 

plexity discussed in Chapter 4 (Fig. 4-15). 

Animals with either a solitary or colonial body are capable 

of self-repair after damage, but a solitary body can be disabled 

until regeneration is complete if one of its crucial organs is 

damaged. A colony, being composed of multiple functional 

units, is less likely to be disabled after being damaged, because 

the undamaged intact zooids can continue to function 

normally. One consequence is that colonial animals typically 

survive grazing, whereas solitary animals often are killed. 
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GENERAL BIOLOGY  
The colorful, radially symmetric cnidarians are the flowers of 

the sea. A few, like the familiar Hydra, have colonized fresh 

water, but none live on land. Cnidaria includes fleshy polyps — 

graceful freshwater hydras, colorful sea anemones, sculptured 

stony corals, plantlike soft corals, and weedy hydroids—as well 

as medusae, or jellyfishes, whose pulsating bells resemble dis- 

embodied hearts. 

Many cnidarians, corals for example, are colonies that 

undergo modular growth and may reach several meters in 

size. Solitary individuals also can be large, like the jellyfish 

Cyanea capillata (lion’s mane jelly), which is reported to reach 

2 m in diameter, or the 1.25-m-wide anemone Stichodactyla 

mertensii from Australia’s Great Barrier Reef. The stony corals, 

with their massive skeletons and photosynthetic zooxanthel- 

lae, are the foundation of the coral-reef community, one of 

the most spectacular ecosystems on earth. Coral reefs are 

rivaled in diversity only by tropical rainforests, but the reef 

outstrips the rainforest in color and activity, as well as in the 

taxonomic range of animals present. Cnidarian diversity 

reaches it zenith on coral reefs, but cnidarians are widespread 

and common worldwide in shallow seas, where they attach to 

hard objects, burrow in sediments, or drift in the plankton. 

Of the approximately 10,000 known species, only 20 occur in 

fresh water; the remainder are marine. Historically, cnidarians 

were classified alone, or with ctenophores, as Coelenterata, 

but most zoologists no longer accept this group. Fossil cnidari- 

ans are known from the Precambrian period, and a rich fossil 

record dates from the Cambrian. 

The delicate beauty of cnidarians conceals a hard fact: Most 

are carnivores that catch and disable prey or discourage aggres- 

sors with stinging or sticky tubules fired from uniquely special- 

ized cells called cnidocytes. To humans, venomous cnidarian 

stings feel like a surprise injection of hot needles, similar to the 

burning sensation produced by contact with the stinging nettle 

plant, after which Cnidaria is named (cnid- = nettle). Cnidar- 

ian stings are typically fatal to their prey. Stings may even be 

fatal to humans if the cnidarian is a box jelly or other equally 

venomous species, but most encounters result only in skin 

irritation. 

FORM AND SYMMETRY OF SOLITARY 
INDIVIDUALS 

General 
In basic form, the saccate cnidarian body resembles a gastrula, 

which consists of a gutlike cavity enclosed by a solid body wall 

(Fig. 7-1). The cavity, called the coelenteron, or gastrovascular 

cavity, opens to the exterior via a mouth surrounded by one or 

more whorls of tentacles. Sensory organs, when present, are 

distributed at or near the bases of the tentacles. 

The cnidarian body exhibits radial symmetry around one 

axis, the oral-aboral axis, that extends from mouth to base. 

The oral end of the body, which bears the mouth, is at one end 

of the axis, and opposite it is the aboral end. A body is radially 

symmetric when a vertical section along an axis or through any 

radius produces mirror-image halves. This means that differen- 

tiated parts, such as the petals of a daisy or the tentacles of a 

sea anemone, are duplicated in each radius and distributed 

360° around the periphery. Thus, radially symmetric animals 

simultaneously face all compass directions with their sensory 

organs and tentacles, which, like sentries around the perimeter 

of a fort, are poised for action from any quarter. Radial symme- 

try may be useful when an abundant but diffuse resource — 

plankton, light (or insect pollinators for flowers)—or danger 

has an equal probability of arriving from any or all directions 
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FIGURE 7-1 Cnidaria: solitary body 
forms. A, Radially symmetric polyp. 
B, Radially symmetric medusa. The diagrams 
above the polyp and medusa indicate their 
radial symmetry, which is adapted to receive 
inputs (arrows) from all compass directions. 
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(Fig. 7-1). This applies to most cnidarians because they do not 

stalk their food, but instead feed opportunistically on prey as it 

inadvertently swims or drifts into contact with them. 

Polyps and Medusae 
Two different body forms, polyp and medusa, occur in cnidari- 

ans, often in the life cycle of one individual. A polyp resembles 

a flower and its stalk (Fig. 7-1 A). The stalk is a cylindrical elon- 

gate column arising from an aboral pedal disc. At the opposite 

end of the column, the manubrium (or hypostome)—an ele- 

vation with the mouth at its summit—is situated in the center 

of an oral disc. The margin of the oral disc bears a whorl of 

tentacles. The pedal disc and column of the polyp, but not the 

oral end, may secrete a chitinous exoskeleton, the periderm, 

which provides for protection and attachment to the substra- 

tum. Polyps are chiefly attached, sessile, benthic animals with 

a mouth-up orientation. 

A medusa has the shape of an umbrella or a bell (Fig. 7-1B). 

The oral surface (disc) is called the subumbrella and the oppo- 

site, aboral side is the exumbrella. The mouth is at the tip 

of a mobile appendage, the manubrium, that resembles an 

elephant’s trunk. Tentacles arise from the margin of the bell 

and surround the mouth. Generally, medusae swim by bell pulsa- 

tions and orient themselves in a mouth-down position. Medusae 

are commonly known as jellyfish because their connective tissue 

(mesoglea) is thick, gelatinous, and buoyant; polyp mesoglea is 

thin, often composed of litde more than the combined epider- 

mal and gastrodermal basal laminas (Fig. 7-1, 7-2). 

Tissues and Body Compartments 
The cnidarian body wall is composed of three tissue layers (Fig. 

7-2): an outer epithelium, the epidermis; an inner epithelium, 

the gastrodermis, which lines the gutlike coelenteron and joins 

the epidermis at the mouth; and, between these two epithelia, 

a gelatinous extracellular matrix called mesoglea. Mesoglea, 

which is comparable to the mesohyl of sponges, often con- 

tains ameboid cells and is thus a connective tissue (Fig. 4-1). 

Most cells of the cnidarian body, however, are confined to 

the epithelia, the general characteristics of which are described 

in Chapter 6. Both epidermis and gastrodermis contain 
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FIGURE 7-2 Cnidaria: body wall of a polyp (Hydra). 
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cnidocytes, muscle, nerve, glandular, interstitial, and ciliated 

cells, although their specific functions may differ in the two 

epithelia. Sensory cells occur in the epidermis, germ cells in 

the gastrodermis. These cells are more fully described in later 

sections of this introduction. 

Cnidarians were the first animals to exploit a body design 

based primarily on two-dimensional sheets of epithelial tissue 

(Chapter 6; Fig. 6-1). Although they have a connective-tissue 

mesoglea, its function is chiefly structural. Cells concerned 

with communication, movement, digestion, internal transport, 

and reproduction are part of the epithelia, not the connective 

tissue. As largely epithelial animals, cnidarians contrast with 

the sponges, in which the body is organized around a function- 

ally diverse connective tissue. Nevertheless, cnidarians begin an 

evolutionary trend for certain cells to abandon the epithelia 

for the underlying connective tissue. Included among these 

epithelial expatriots are muscle, nerve, and germ cells, the 

first two having their evolutionary origin in the cnidarians. So 

within Cnidaria we find living examples of how muscle and 

nervous tissue evolved from epithelial tissue (Fig. 6-4, 6-6, 7-2). 

Because both the mesoglea and the coelenteron are 

enclosed by epithelia, both can be extracellular compartments 

physiologically tuned for distinct functions. All life’s functions, 
however, must be accommodated in one or the other of these 

two compartments, because there are no others. Mesoglea and 

coelenteron, therefore, are multifunctional compartments. 

This is seen clearly in the coelenteron, which always has diges- 

tive, circulatory, and absorptive functions and sometimes also 

is a hydrostatic skeleton or a brood chamber for developing 

embryos, and may collect and eliminate some excretory prod- 

ucts. The mesoglea has a skeletal function, may be important 

in buoyancy (in jellyfish), and may provide a stable or nutri- 

tive milieu for the proper operation of muscles and nerves, as 

well as the growth of germ cells. Physiological regulation of 

extracellular body compartments may be rudimentary in 

cnidarians, but they are nevertheless among the first animals 

to tinker with its possibilities. The most obvious of these is 

extracellular digestion, which allowed for the use oflarge food 

and discontinuous feeding, and a neuromuscular system, 

which enabled the body to make directed movements in 

response to environmental events. 

FORM OF COLONIAL INDIVIDUALS 
Many cnidarian species adopt a colonial growth form, with the 

colonies consisting of polyp zooids, medusa zooids, or both. 

Colonial species dominate several major taxa, such as corals, 

hydroids, and siphonophores. Colonial growth forms are almost 

FIGURE 7-3 Cnidaria: colonial body forms. A, Stolonate colony. B, Coenosarcal colony (stolonal mat). 

C-D, Fruticose (shrubby) colonies. Bases of colonies, attached to substratum, can be either stolons (shown) 

or coenosarc (not shown), depending on taxon. C, Fruticose colony resulting from fixed-length budding. 

D, Fruticose colony grows by indeterminate growth of an axial polyp, which buds a succession of lateral zooids. 

Numbers indicate sequence of bud formation. 
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infinitely varied, but most can be reduced to one of three 

themes: stolonate colonies, coenosarcal colonies, and fruticose 

colonies. 

A stolonate colony (Fig. 7-3A), like a strawberry runner, 

consists of a prostrate stolon, single or branched in a two- 

dimensional network, that attaches to the surface of the sub- 

stratum and bears upright, unbranched zooids. The stolon is 

a tubular body wall outgrowth that includes the coelenteron, 

from which zooids bud at intervals along its length. Typically, 

the stolon is enclosed by periderm. Most species that form 

stolonate colonies are small and inconspicuous. 

Colonies of several taxa consist of zooids that arise from the 

surface of a continuous sheet of tissue called a stolonal mat, or 

coenosarc (= common flesh; pronounced SIN-oh-sark) that 

unites the zooids and attaches the colony to the substratum 

(Fig. 7-3B). Periderm is restricted to the undersurface of the 

coenosarc, in contact with the substratum, or it may be 

replaced by a secreted mineral skeleton, as in stony corals. 

The coenosarc ranges from a thin, membranelike sheet, as in 

Hydractinia (Fig. 7-61) and most stony corals (Fig. 7-23A,B), to 

a thick, fleshy mass in which the zooids are embedded except 

for their oral ends, as in soft corals (Fig. 7-38). Between the 

upper and lower epidermal surfaces of the coenosarc is a 

network of hollow gastrodermal tubes called solenia, which 

course through the mesoglea and interconnect the zooidal 

coelenterons (Fig. 7-3B). The solenia resemble stolons embed- 

ded between the upper and lower epidermal layers of the 

coenosarc sandwich, and new zooids can bud from solenia 

near the surface of the colony. Unlike stolons, however, sole- 

nia lack epidermis and periderm and consist solely of gastro- 

dermis around a coelenteric channel. 

The colonies described so far are more or less simple, con- 

sisting of zooids borne either directly on stolons (Fig. 7-3A) 

like bulbs on a string of Christmas lights or individually on a 

coenosarc (Fig. 7-3B). More complex colonies arise not only 

by the budding of zooids from stolons or coenosarc, but also 

from other zooids. With few exceptions, zooidal budding 

produces an upright, plantlike, fruticose colony that may be 

grassy, bushy, shrubby, or feathery in appearance. In one form 

of zooidal budding, fixed-length budding, the first zooid grows 

to a fixed length and then buds another zooid from its col- 

umn below the whorl of tentacles (Fig. 7-3C). The new bud 

differentiates into Zooid 2 and grows to the same length as 

Zooid 1, but extends above it. Zooid 2 then buds Zooid 3, 

which extends above Zooid 2. In this stepwise fashion, like 

adding sections to a stovepipe, the colony grows upright 

above the substratum. The stems of these colonies consist of 

a series of sections or segments, each one being the “column” 
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of a single zooid. This pattern of budding typifies some hydro- 

zoan colonies, such as Obelia (Fig. 7-64A), which attach to the 

substratum by stolons. 

In contrast to fixed-length budding, the main stem of some 

fruticose colonies arises from the column of a single axial polyp, 
which glows in length more or less indefinitely (Fig. 7-3D). The 

mouth of the elongate axial polyp opens at the growing tip, 

often a considerable distance from the pedal end of the polyp. 

As the axial polyp grows, it buds lateral zooids from its elongat- 

ing column. The lateral buds are proliferated sequentially 

from a zone below the tentacular whorl and thus usually the 

youngest zooids are at the oral end of the axial polyp, the oldest 

at its pedal end. Sometimes, one of the lateral zooids transforms 

into an axial polyp, elongates, creates a branch, and buds its 

own lateral zooids. Lateral zooids, which are often numerous 

and dense, cover the sides of the main stem and branch stems. 

Such axial-polyp budding typifies colony growth in many taxa, 

including staghorn corals (Fig. 7-25D), sea pens (Fig. 7-40B), 

sea pansies (Fig. 7-40C,D), many hydroids (Fig. 7-62), and 

siphonophores (Fig. 7-69). Fruticose colonies with axial-polyp 

budding attach to the substratum via stolons or coenosarc. 

SKELETON 
The startling variety of cnidarian skeletons, especially evident 

in polyps, exceeds even that of sponges. Exoskeletons may be 

thin cuticles of chitinous periderm, as found in many small- 

bodied solitary polyps and colonies (Fig. 7-4A), but not Hydra 

or most anemones, which are naked. The polyps of stony corals 

secrete a hard calcareous exoskeleton that in some reef species 

can, over many generations, reach a diameter of 1 m or more 

and weigh several tons (Fig. 7-4B). Still other polyps, such as 

sea plumes and sea fans, rely on endoskeletons for support. 

Like sponges, they have calcareous spicules and horny organic 

fibers in their mesoglea (Fig. 7-4C). Yet other polyps support 

their bodies with columns of cells containing turgid vacuoles, 

as in the large, tall, and slender hydroid Tubularia (Fig. 7-4D). 

For sea anemones and some other polyps, including Hydra, the 

principal means of support is a hydrostatic skeleton. A few 

polyps even collect foreign matter—sand grains and shell 

fragments — to use for protection or to stiffen their bodies 

(Fig. 7-4E). Among these are colonial anemones (zoanthids), 

some of which embed sediment particles in their mesoglea, 

and certain species of sea anemones that attach shell fragments 

to their surface for protection and possibly for support. 

In contrast to the skeletal diversity found in polyps, the 

mesoglea alone is the sole skeleton of medusae. As such, the 

form of the mesoglea determines the overall body shape of 

the medusa (Fig. 7-4F). But the mesoglea is also an elastic gel 

that springs back to its original shape after being deformed by 

the swimming musculature. 

MUSCULATURE AND MOVEMENT 
One general form of musculature is associated with polyps 

and another with medusae. In polyps, the muscles are distrib- 

uted in antagonistic sheets of longitudinal and circular fibers. 

Typically, the epidermal musculature is longitudinal and the 

gastrodermal is circular (Fig. 7-2, 7-7). The muscles of both 

layers are smooth (Fig. 6-5). The principal muscle of medusae 
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FIGURE 7-5 Cnidaria: locomotion. A, Swimming (jet propulsion) in 

a medusa. Left: coronal muscle relaxed, subumbrellar cavity expanded 

and filled with water; right: coronal muscle contracted, subumbrella 

constricted, forcing a locomotory water jet from the subumbreliar 

cavity. When the coronal muscle relaxes, the elastic mesoglea restores 

the body to its original form (left). B, Hydra: inchworm-like locomotion 

(left column); somersaulting (right column). 

is the halo-shaped, circular coronal muscle on the subumbrel- 

lar surface (Fig. 7-5A). The cross-striated coronal muscle is 

antagonized by the elastic mesoglea. 

Cnidarian muscles are primarily epidermal and gastroder- 

mal epitheliomuscular cells (Fig. 6-4A, 7-2, 7-7), but in antho- 

zoans and scyphozoans, some of these cells have abandoned 

the epithelia, entered the mesoglea, and transformed into 

myocytes, or “true” muscle cells (Fig. 6-4C). 
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Cnidarians perform a wide variety of movements. Polyps 

can extensively shorten and extend or bend their bodies, 

whereas medusae jet-swim by rapidly constricting their bells 

(Fig. 7-5A). Flydras and some sea anemones can detach and 

shift locations by creeping on their bases, bv inchworm-like 

crawling, by somersaulting (Fig. 7-5B), or by floating. Both 

polyps and medusae use muscles to move tentacles and other 

appendages, especially while feeding. Some polyps, such as sea 

anemones and corals, and most medusae also have radial mus- 

cles that extend from near the body axis toward the margin, 

like spokes on a wheel. In medusae, contraction of these mus- 

cles causes the subumbrella to roll inward, crumpling the 

smooth surface of the bell. Sometimes this action is accompa- 

nied by withdrawal of the manubrium, retraction of the tenta- 

cles, and a flash of bioluminescence. It is thought to be a 

means of avoiding contact with and potential damage from 

plankton. 

NERVOUS SYSTEM 
The cnidarian nervous system, like that of all eumetazoans, 

consists of superficial sensory neurons that monitor the envi- 

ronment, motorneurons that activate effectors such as muscles 

or cnidocytes (Fig. 7-2), and interneurons that join the sensory 
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FIGURE 7-6 Cnidaria: nervous system and sense organ. A, Nerve net of a polyp. Note oral and pedal 
concentrations. B, Nervous system of medusa. C, Statocyst on the bell margin of hydromedusa (vertical section). 
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FIGURE 7-7 Cnidaria: neuromuscular anatomy and histology. A, Cutaway view of polyp body wall. B, Isolated 
patch of epitheliomuscular cells. (B, From Mackie, G. O., and Passano, L. M. 1968. Epithelial conduction in 

hydromedusae. J. Gen. Physiol. 52:600.) 

receptors to the motorneurons. Interneurons not only link 

receptors to effectors, they form networks and ganglia and 

so control the intensity and quality of signal conduction. Ulti- 

mately this control manifests itself as reflex and complex 

behavior. In cnidarians, sensory neurons are usually bipolar, 

having a receptive dendrite at one end and a transmitting axon 

at the other. Interneurons and motorneurons may be bipolar 

or multipolar. If multipolar, each cell typically has several den- 

drites and one axon. 

In Cnidaria, interconnected neurons form a pair of com- 

plex, two-dimensional nerve nets (Fig. 7-6A,B; 7-7). One net 

lies in the base of the epidermis, another in the base of the 

gastrodermis, and the two nets are joined by neurons that 

bridge the mesoglea. The junctions in each nerve net are 

synapses between neurons. Thus each nerve net resembles 

a map of city streets intersecting each other. Tike vehicles trav- 

eling along roads, nervous impulses can travel in any direction 

through the net. This is possible because the synapses of some 

neurons conduct in both directions, like two-way streets, or, if 

they conduct in one direction only, they are paralleled by 

opposing one-way streets. Impulses arising from a point stimu- 

lus typically radiate through the net like ripples from a pebble 

tossed in a pond. Such diffuse conduction is characteristic of 

nerve nets. For animals with radial sensory structures and a 

sheetlike musculature, diffuse or multidirectional conduction 

is the logical form of impulse conduction. Two-dimensional 

nerve nets, muscular sheaths, and diffuse conduction also 

occur in medusae (Fig. 7-6B), as well as in the gut wall and 

other epithelial (sheetlike) organs of higher animals, but in 

cnidarian polyps the entire nervous system is in the form of 

a net. 

Although medusae have nerve nets, their nervous system 

also includes concentrated nerve rings (Fig. 7-6B) and ganglia 

around the margin of the bell. These are associated with mar- 

ginal sensory organs—statocysts, ocelli (Fig. 6-7, 6-8)—as well 

as patches of mechano- and chemoreceptive cells (Fig. 7-6C) 

and the swimming musculature. Each of the organs communi- 

cates with the whole-body nerve nets, but also is associated 

with a ganglion and the nerve rings that encircle the subum- 

brellar surface and innervate the swimming muscle. 

A ganglion is a concentration of neurons that serves as a 

brainlike integration center. As such, it receives sensory input, 

integrates that information with other inputs, and generates 

motor output. The ganglion associated with each marginal 

sensory organ, for example, receives information from that 

organ (and from elsewhere via the net) and generates motor 

output that affects the contraction rate (pace) of the swim- 

ming muscle. The marginal ganglion with the highest fre- 

quency of motor stimuli overrides the other ganglia and sets 

the contraction pace of the bell. 

Motor impulses are conducted via the nerve ring to the 

medusa’s coronal (swimming) muscle (Fig. 7-5A). Because the 

entire coronal muscle must contract simultaneously to pro- 

duce an effective thrust, the motor impulse must simulta- 

neously reach all parts of the muscle. One way that jellyfish 

(hydrozoans) achieve a simultaneous contraction of the coro- 

nal muscle is to dispense with chemical synapses, which cause 

time delays, between neurons in the nerve ring and instead 

couple them electrically with gap junctions (Chapter 6). Such 

conduction is very rapid and results in nearly instantaneous 

transmission of the nerve impulse around the ring and to all 

parts of the muscle. 
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CNIDOCYTES AND CNIDAE 
A unique and defining feature of cnidarians is the cnidocyte: 

a combined sensory-effector cell (Fig. 7-8, 7-9, 7-10) that plays 

a central role in prey capture and defense. Each cnidocyte 

houses a cnida, a fluid-filled membranous capsule containing 

a long tubular invagination of the capsule wall (Fig. 7-8). 

When the cnidocyte receives appropriate stimulation, the 

tubule everts explosively to the exterior (Fig. 7-9). Depending 

on the type of cnida, the everted tubule may sting or paralyze 

the prey by penetrating the integument and releasing toxins, 

adhere by sticking to the surface of an animal or substrate, or 

perform other tasks. Cnidocytes often bear a single sensory cil- 

ium and thus appear to be independent sensory-effector cells 

(Fig. 7-8; but see below). Cnidocytes typically occur through- 

out the epidermis, but are in especially high density on the 

tentacles and other prey-catching or defensive structures on or 

near the mouth. Many cnidarians also have cnidocytes in local- 

ized parts of the gastrodermis to quell swallowed prey. 

Three general types of cnidae—nematocysts, spirocysts, and 

ptychocysts—occur in cnidarians and are housed in three 

types of cnidocytes—nematocytes, spirocytes, and ptychocytes, 

respectively. Thick-walled nematocysts, which occur in all 

groups of cnidarians, often have spines or barbs on the surface 

of the everted tubule (Fig. 7-8, 7-9, 7-10A-C). Like a jack- 

in-the-box, the firing site may be covered by a hinged lid 

called an operculum (Fig. 7-9A, 7-1 OB; in scyphozoans and 

hydrozoans) or by three apical flaps (in anthozoans). The sen- 

sory cilium of the nematocyte (a cnidocyte that houses a 

nematocyst) is mechanoreceptive, may be nonmotile and stiff, 

and is called a cnidocil (Fig. 7-8B; in scyphozoans and hydro- 

zoans) , or it may be motile and called a ciliary cone (Fig. 7-8A; 
in anthozoans). All stinging and toxic cnidae are nematocysts, 

but some types of nematocysts have other, nonvenomous func- 

tions; at least 30 different types of nematocysts have been 

identified. A spirocyst is a thin-walled cnida in which the undis- 

charged tubule is coiled like a spring (Fig. 7-10D-E, 7-11). The 

discharged spirocyst tubule lacks barbs or spines, but the 

minute, sticky threads radiating from the wall of the tubule like 

bristles on a bottle brush are adhesive. Uniquely, a spirocyte 

lacks a sensory cilium. Spirocytes occur only in anthozoans. 

Similar to a spirocyst, the ptychocyst releases an adhesive 

tubule, but it lacks the spirocyst’s radiating sticky threads and, 

when undischarged, is stored differently within the capsule 

(Fig. 7-1 OF). Instead of being coiled within the capsule, the pty- 

chocyst tubule is folded in a compact zigzag, like a collapsed 

fire hose in its storage cabinet. The ptychocyte bears a motile 

cilium. Ptychocysts occur uniquely in the epidermis of antho- 

zoan tube anemones (Ceriantharia). Their everted tubules are 

interwoven to form a tough, feltlike protective tube in which 

the polyp lives. 

The mechanism of cnida discharge has been determined 

largely from research on hydrozoan nematocysts (Fig. 7-8B, 
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FIGURE 7-8 Cnidaria: cnidocytes and cnidae. A, Anthozoan nematocyte. Note that the ciliary cone includes 
a motile cilium with a normal 9x2 + 2 axoneme (cross section). B, Hydrozoan (or scyphozoan) nematocyte. Note 
that cnidocil is a nonmotile (sensory) cilium whose axoneme departs from the normal 9x2 + 2 pattern 
(cross section). Neurites are unidentified nerve-cell processes, either axons or dendrites. (Modified and redrawn 
from Ax, P. 1996. Multicellular Animals. Vol. I. A New Approach to the Phylogenetic Order in Nature. Springer, Berlin. 225 pp.) 



120 Chapter 7 Cnidariap 

Nematocyst 

Prey integument 
A 

7 
Epidermis of 
Hydra 

7 

CD 

O 

CD 
cS 

£ 

CD 

cp 
73 
O 

—-j 

E 
CD 

O 

E 

B 

FIGURE 7-9 Cnidaria: nematocyst 
dynamics. A, Discharge and prey 
body-wall penetration by a Hydra 
nematocyst (stenotele or "penetrant"). 
B, Scanning electron micrograph of 
a discharged nematocyst tubule of 
the hydrozoan Laomedea. (A, Modified 

and redrawn from Tardent, P., and 

Holstein, T. 1982. Morphology and 

morphodynamics of the stenotele nematocyst 

of Hydra attenuata Pall. Cell Tissue 

Res. 224:269-290.) 

FIGURE 7-10 Cnidaria: major types of cnidae. A and B, Nematocyst (stenotele or "penetrant") of 
a hydrozoan, undischarged (A), discharged (B). C, Discharged nematocyst (macrobasic mastigophore) of 
an anthozoan. D and E, Spirocyst of an anthozoan, undischarged (D), partly discharged (E). F, Partly discharged 
ptychocyst of a tube anemone (Anthozoa: Ceriantharia). (F, Redrawn from denHartog, f. C. 1977. Descriptions of tzuo 

new marine Cerianthana from the Caribbean region. Biol. Meded. 51:211 -242.) 
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FIGURE 7-11 Cnidaria: zooxanthellae and a spirocyst. 
Photomicrograph of several cells of the zooxanthella Symbiodinium 
microadTiaticum and a single spirocyst (sp) in the tentacle gastrodermis 
of a sea anemone (Aiptasia pallida). 

7-9A). The nematocyst wall is thickened and stiffened by a 

layer of collagen. Prior to discharge, the hollow inverted 

tubule lies coiled and folded within the capsule and is sur- 

rounded by fluid that contains a high concentration of ions, 

amino acids, and proteins. If the nematocyst is venomous, 

some of these proteins are toxins, including some that inter- 

fere with sodium pumps and the integrity of prey-cell mem- 

branes. Many of the ions, especially Ca2+, are complexed with 

venoms and other proteins to form large aggregates that 

create little osmotic pressure. But when the nematocyte is 

appropriately stimulated, these ions dissociate from their 

macromolecules to create a high intracapsular osmotic con- 

centration. This causes water from the cytoplasm to rush into 

the capsule, pressurizing it and everting the tubule forcibly 

and rapidly. Presumably, the thick wall of the nematocyst pre- 

vents it from swelling appreciably during the water inrush. 

Intracapsular osmotic pressures of up to 140 atmospheres 

( = 2058 lb/in2 = 105 mmHg), nearly the pressure of a filled 

scuba air tank, have been recorded. The tubule may be fully 

everted in less than 2 msec, but may require as long as a few 

seconds, depending on the type of nematocyst. Once the 

nematocyst is discharged, the nematocyte degenerates and is 

replaced by a newly differentiated cell. About 25% of the ne- 

matocysts of Hydra littoralis are lost from the tentacles in the 

process of eating a brine shrimp. The discharged nematocysts 

are replaced within 48 h. 

At a cost of one cell for each tubule fired, it is not surpris- 

ing that cnidarians have evolved ways to reduce the number of 

accidental or inconsequential discharges. Ideally, nematocyst 

discharges should be reserved for catching and immobilizing 

prey, defense, and other adaptive tasks, and should not occur 

when the animal brushes against the substratum or is struck 

by an inert or harmless object. Most cnidarians seem to exert 

this control over their nematocytes by requiring two modes of 

stimulation, mechanical and chemical, before the capsule will 

fire, although contact alone often results in the discharge of 

a few nematocysts. Further control is provided by heightened 

sensitivity to particular types of mechanical and chemical stim- 

ulation. For example, the mechanoreceptors (including the 

cnidocil) are especially receptive to vibrations at particular fre- 

quencies, perhaps the frequencies at which favored prey move 

their appendages. Chemical stimuli, such as certain amino 

acids and sugars associated with mucus, also enhance sensitiv- 

ity and are normally associated with prey or predators. A par- 

ticular chemical stimulus, moreover, can change the sensitivity 

of the mechanoreceptors from one vibration frequency to 

another, perhaps tuning the receptor-nematocyst complex to 

a specific class of prey. Finally, the physiological state of the 

animal, as communicated through the nervous system, can 

raise or lower the threshold of nematocyst discharge. 

INTERSTITIAL CELLS 
Interstitial cells (I-cells) are multipotent stem cells that orig- 

inate from embryonic endoderm, but migrate into all three 

tissue layers of the body (Fig. 7-2). I-cells are known to occur 

only in hydrozoans and have been especially well studied in 

Hydra, but probably occur in the other cnidarian classes. In 

hydrozoans, I-cells differentiate into neurons, gland cells, 

gametes, and cnidocytes. Thus the I-cells form a pool from 

which spent cnidocytes are replaced following the developmen- 

tal path: I-cell —» cnidoblast —■> cnidocyte. Among anthozoans 

with skeletal spicules in the mesoglea, I-cells differentiate into 

sclerocytes, which secrete the spicules. I-cells’ replacement of 

spent cnidocytes in Anthozoa and Scyphozoa needs confir- 

mation. It is uncertain whether gametes in these two taxa arise 

from ciliated gastrodermal cells or I-cells. 

COELENTERON: NUTRITION AND 
INTERNAL TRANSPORT 
The coelenteron is a blind, saclike cavity lined by gastrodermis 

and opening to the exterior via the mouth (Fig. 7-1). In large 

polyps, the cavity may be more or less partitioned by septa, 

which increase the surface area of the gastrodermis. Among 

medusae, it is often regionally specialized into a central stom- 

ach from which radial canals (Fig. 7-1B) extend to join a mar- 

ginal ring canal. In most polyps and medusae, a branch of the 

coelenteron extends into each tentacle. The coelenteron is 

a multifunctional compartment with roles in extracellular 

digestion, circulation, excretion, reproduction, and hydrosta- 

tic skeletal support. 

Feeding in carnivorous cnidarians begins when prey con- 

tacts tentacles or other prey-capturing appendages. As the 

prey is seized by discharged cnidae, the cnidae may wound, 

paralyze, and even initiate digestion by injecting proteolytic 

enzymes into the prey. Fluid loss from the prey elicits an inges- 

tive response from the predator. The cnidarian responds to 

amino acids, especially glutathione, by opening its mouth and 

stuffing its tentacles, with prey attached, inward (Fig. 7-12C). 

If the manubrium is long and mobile, it may bend toward 

and grasp the food like an elephant’s trunk. Once the prey is 

in the coelenteron, enzymatic gland cells in the gastrodermis 



122 Chapter 7 Cnidariap 

(Fig. 7-2) release enzymes, primarily proteases, that digest it 

extracellularly to a slurry of juice and fragments. The slurry 

is circulated throughout the coelenteron to be absorbed by 

epitheliomuscular cells, germ cells, and other gastrodermal 

cells (Fig. 7-2, 7-20E). Large food fragments are phagocytosed 

and digested intracellularly. This process breaks down lipids 

and carbohydrates as well as completing the digestion of 

proteins. 

The extracellular phase of digestion is often completed in 

a few hours and is followed by absorption of the slurry by 

the gastrodermis in 8 to 12 h. Intracellular digestion usually 

requires a few days to complete. Indigestible material, often 

consolidated with mucus into a fecal mass, is egested through 

the mouth. 

In many cnidarians, the gastrodermal cells contain mutual- 

istic algae. Some species of Hydra and anemones such as 

Anthopleura harbor green zoochlorellae, as do certain freshwa- 

ter sponges. The mutualistic algae of most marine cnidarians, 

however, are yellow-brown zooxanthellae (Fig. 7-11). Both 

zoochlorellae and zooxanthellae provide their cnidarian hosts 

with photosynthate, sometimes accounting for up to 90% of 

their nutrition, and in return receive nutrients, C02, and a 

substratum deployed in the sun. 

The coelenteron is the internal transport system of cnidari- 

ans (Fig. 7-12). Circulation of fluid is accomplished by the cili- 

ated gastrodermis, muscular contraction, or both. In general, 

flows follow definite and sometimes complex patterns that 

differ among taxa, polyps and medusae, and solitary and colo- 

nial growth forms. In some taxa, localized ciliary (siphono- 

glyphs and asulcal septa; Fig. 7-16, 7-33) or muscular pumps 

(stomach and tentacle bulbs in the hydromedusa Sarsia 

princeps) function as heart analogs. 

GAS EXCHANGE AND EXCRETION 
The tentacles and general body wall are gill surfaces, and cir- 

culation of water over the body surface by ciliated epidermal 

cells facilitates gas exchange (Fig. 7-12C). 

The excretory product of cnidarians is ammonia, which 

readily dissolves in water, diffuses across the body wall, and is 

dispersed by currents. The freshwater Hydra concentrates K+ 

and removes Na+ from its cells. Some of the Na+ is released 

into the coelenteric fluid, elevating its osmotic concentration 

above that of the environmental water. The resulting osmotic 

influx of water into the coelenteron may help to pressurize 

the hydrostat, or the excess water (and Na+) may periodically 

be discharged through the mouth. 

REPRODUCTION AND DEVELOPMENT 

Regeneration and Clonal Reproduction 
Cnidarians have an impressive ability to heal and regenerate 

missing parts after injury. In Hydra, for example, loss of the oral 

end is followed by regrowth and differentiation of a new mouth 

and tentacles. Living specimens of the common anemone 

Aiptasia pallida can be dissected, pinned open for observation, 

and then returned to an aquarium, where they will heal after 

a few days. Medusae also heal and regenerate missing parts after 

damage, as do planula larvae (described later). 

Clonal (asexual) reproduction is widespread, if not univer- 

sal, among cnidarians (Fig. 7-13). Both polyps and medusae 

undergo clonal reproduction, but it is more common among 

polyps. The forms of clonal reproduction include transverse 

(uncommon) and longitudinal (common) fission (Fig. 7-13B, 

FIGURE 7-12 Cnidaria: circulatory system. Patterns of ciliary circulation in the radial canals, ring canal, and 

tentacles of a medusa (Stomotoca atra) in side view (A) and from above (B). Note the four-square manubrium 

and gonads attached to it. C, Pattern of circulation over (broken arrows) and in (solid arrows) a sea anemone, 

including flows in the pharynx. Right side shows flow pattern on a septum; left side between septa. Flow from 

base to tip of tentacle allows inedible material to be rejected or food to be passed into the mouth as the 

tentacle bends oralward. 
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FIGURE 7-13 Cnidaria: clonal (asexual) reproduction. A, Budding (polyp). B, Longitudinal fission (polyp). 

C, Budding (medusa). D# Longitudinal fission (medusa). (B, Redrawn from Sebens, K. P. 1983. Morphological variability 

during longitudinal fission of the intertidal sea anemone, Anthopleura elegantissima (Brandt). Pac. sci. 37:121 -132; 

C and D, Drawn from a photograph in Stretch J. J., and King, J. M. 1980. Direct fission: An undescribed reproductive method 

in Hydromedusae. Bull. Mar. Sci. 30:522-525.) 

D), budding (Fig. 7-13A,C), and fragmentation. Anthozoan 

polyps exhibit all forms of asexual reproduction, scyphozoan 

polyps undergo budding and transverse fission, and hydrozoan 

polyps only bud. Some hydrozoan medusae undergo fission 

(Fig. 7-13C.D). 

Sexual Reproduction and Life Cycles 
Cnidarian adults are generally gonochoric, but certain taxa, 

such as stony corals, have many hermaphroditic species. 

Germ cells originate in the endoderm and generally grow and 

differentiate in the gastrodermis, except in some hydrozoans, 

in which they migrate into the epidermis. Ripe individuals 

spawn their gametes and, primitively, fertilization is external 

in the water. The zygote cleaves holoblastically to form a 

blastula (Fig. 7-14A-D). Later, the embryo gastrulates to 

form ectoderm and endoderm (Fig. 7-14E,F), which become 

epidermis and gastrodermis, respectively. The blastocoel 

becomes the mesoglea while the blastopore, when present, 

gives rise to the mouth-anus (Fig. 7-14G). Gastrulation in 

cnidarians, whether by invagination or ingression (Fig. 6-9), 

occurs at the animal-pole end of the zygote (Fig. 7-14E), in 

contrast to the vegetal-pole position of gastrulation in higher 

(bilateral) animals (Fig. 6-9A). 

Further development leads to a planktonic larva known as 

a planula (Fig 7-14G). Its epidermis is monociliated and its 

gastrodermis is often yolky. The fusiform planula swims with 

its aboral (vegetal) end leading. After a brief swimming exis- 

tence, the planula settles to the bottom, attaches at its aboral 

end, and metamorphoses into a juvenile (Fig. 7-14H). 

The primitive life cycle of ancestral cnidarians, as 

inferred from anthozoans, consists of a sessile, benthic adult 

polyp and a planktonic planula larva that metamorphoses 

into a juvenile polyp (Fig. 7-14H). The anthozoan planula 

may be planktotrophic or lecithotrophic (often very yolky) 

and some anthozoan larvae harbor zooxanthellae. These 

nutritional adaptations enable many anthozoan planulae to 

sustain larval life long enough to disperse widely. All larvae 

of Scyphozoa and Hydrozoa, on the other hand, are 

lecithotrophs, and most lack zooxanthellae. As a result, their 

larval life typically is short and their dispersal range limited. 

Perhaps for this reason, a new planktotrophic stage, the 

medusa, which arises by budding from the polyp, has 

evolved in these taxa (Fig. 7-15) 

Inserted in the life cycle between the polyp and the planula, 

the medusa not only provides a stage capable of wide dispersal, 

but also appropriates the role of sexual reproduction from the 

polyp. This relieves the polyp of the energetic cost, mostly 

from egg production, of sexual reproduction, because the 

medusa can feed itself and grow. A polyp’s reproductive energy 

can then be channeled into clonal reproduction or modular 

growth, both of which enable rapid colonization of attachment 

surfaces. Thus a life cycle with a planktonic, sexual medusa 

and a benthic, asexual polyp partitions the competing energy 

demands of sexual and asexual reproduction to life stages in 

different ecological niches. Lacking a medusa, the vast majority 

of adult anthozoans may directly confront this energetic chal- 

lenge by supplementing their normal nutritional input with 

photosynthate from zooxanthellae and zoochlorellae. 
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FIGURE 7-14 Cnidaria: development, larva, and life cycle. A-F, Embryonic development. A, Cleavage initiates 
at the animal pole (indicated by polar body), the future oral end of the body. Following the blastula stages 
(C and D), gastrulation (E and F) establishes the two germ layers, ectoderm and endoderm, with the blastocoel 
becoming the mesoglea. Further differentiation results in a planula larva (G, longitudinal section of an 
anthozoan planula). H, The presumed primitive life cycle, based on Anthozoa and beginning with the adult, 
is: polyp —> planula —> polyp. Note that the planula swims with the aboral end (future pedal end) leading. 
(G, Redrawn after Widersten from Kaestner, A. 1984. Lehrbuch der Speziellen Zoologie. 2. Teil. Gustav Fischer Verlag, 

Stuttgart. 621 pp.) 

FIGURE 7-15 Cnidaria: presumed apomorphic (medusozoan) 
cnidarian life cycle: polyp -» medusa (adult) —»• planula —> polyp. 

ANTHOZOAc  
Anthozoa, or “flower animals,” includes the exclusively marine 

sea anemones, corals, sea fans, sea pens, and sea pansies. In 

their stunningly wide range of forms and colors, anthozoans 

create and accent coral-reef seascapes and tidepools with 

splashes of emerald, ruby, and amethyst. Anthozoa is the 

largest cnidarian taxon, containing over 6000 solitary and 

colonial species. Anthozoans are polyps only, and a medusa 

stage is absent. Thus the polyp is responsible for both sexual 

and, when present, asexual reproduction. As compared with 

the polyps of other cnidarian classes, anthozoans are large 

polyps that range in diameter from approximately 0.5 cm to 

1 m. Anthozoan body volume is variable because most have 

inflatable and retractile polyps. Anthozoan mesoglea contains 

amebocytes and is thus a true connective tissue. Anthozoa is 

the only cnidarian taxon that has all three types of cnidae — 

nematocysts, spirocysts, and ptychocysts. 

POLYP FORM 
The body consists of a tubular column surmounted by a wide 

plateau, the oral disc (Fig. 7-16). The oval or slitlike mouth is in 

the center of the oral disc and a whorl of tentacles occurs at its 

margin. In solitary individuals, the base of the column is often 

expanded into a pedal disc that adheres to the substratum. 

The mouth leads into a tubular but laterally compressed 

pharynx that descends below the oral disc and opens into the 

coelenteron via an internal opening (Fig. 7-16). Because of 
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FIGURE 7-16 Anthozoa: anatomy. 
A, Cutaway view of a sea anemone 
(Actiniaria). B, Cross section of body at 
level of pharynx. 

pharyngeal compression, the mouth and internal pharynx 

opening are elongated slits. The two opposite corners of the 

mouth extend inward along the length of the pharynx as cili- 

ated grooves called siphonoglyphs (Fig. 7-16). The compressed 

pharynx and siphonoglyphs confer either a biradial (two 

siphonoglyphs; Fig. 7-16B) or bilateral (one siphonoglyph; Fig. 

7-18B) symmetry on the anthozoan body. Developmentally, the 

pharynx originates as an ectodermal ingrowth, or stomodeum, 

at the site of the blastopore. Thus the larval mouth is carried 

inward to become the pharyngeal opening into the coelen- 

teron. In some anemones, the body wall of the column is per- 

forated by pores, the cinclides, through which coelenteric fluid 

can be released to the exterior (Fig. 7-16A). 

The coelenteron is divided by vertical partitions called 

septa (= mesenteries) into radial compartments. Each sep- 

tum is an outfold of gastrodermis and mesoglea, forming a 
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sandwich of mesoglea between two layers of gastrodermis 

(Fig. 7-16, 7-17, 7-18). Septa that span the coelenteron and 

join the pharynx are complete septa; those that do not are 

incomplete septa (Fig. 7-16B). In addition to forming junc- 

tions with the pharynx, septa also insert on the pedal and 

oral discs. Each tentacle originates as a hollow outgrowth of 

body wall between a pair of septal insertions on the oral 

disc. The number of septa generally varies with body size (Fig. 

7-76A-C): Large polyps have many and small polyps have few, 

but no adult anthozoan has fewer than 6 septa; the largest 

polyps have 192 or more. The number and pattern of septa 

are important characteristics used in anthozoan classification. 

The inner free margin of each septum is convoluted and has 

a swollen edge called a septal filament, which resembles piping 

on a pillow seam (Fig. 7-16A, 7-17B-D, 7-18A). Microscopically, 

each septal filament is composed of either one or three lobes. 

When trilobed, the middle lobe, called the cnidoglandular 

band, bears cnidocytes (mostly nematocytes) and enzymatic 

gland cells (Fig. 7-17B,C). The two lateral lobes, the flagellar 

bands, are densely flagellated (Fig. 7-17B,C). The effective 

strokes of the flagella beat toward the central axis of the body. 

The middle section of a unilobed septal filament bears the 

cnidoglandular cells whereas the lateral parts are flagellated. 

In some sea anemones, one region of the cnidoglandular 

band of each septal filament known as an acontium extends 

away from its attachment to the septum as a long thread, usually 

heavily armed with cnidae (Fig. 7-16A). Acontia sprout from the 

lower end of the septal filaments and their free ends lie vari- 

ously coiled in the coelenteron. The outrush of water that 

accompanies a sudden deflation of the body causes acontia to 

spew from the mouth, tentacle tips, and, if present, cinclides. 

Many anthozoans that lack acontia, such as stony corals, never- 

theless extrude the free margins of their septa (with attached 

septal filaments) through the mouth or other openings in the 

body wall. Extruded acontia and septal filaments are used for 

defense, prey capture, and extracorporeal digestion of prey. 

MUSCULATURE AND NERVOUS 
SYSTEM 
Most anthozoan muscles are arranged in sheets of epidermal 

or gastrodermal epitheliomuscular cells (Fig. 7-18). How- 

ever, the mesogleal sphincter muscle (Fig. 7-16A), which 

closes over the withdrawn oral disc and tentacles of some 

anemones and zoanthids, can be composed of myocytes. The 
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FIGURE 7-17 Anthozoa: septal filament. A, Cutaway view of column of sea anemone (Actiniaria), showing 

septa. B, Exploded view of designated area in A, showing details of body wall, septum, and septal filament. 

C, Cross section enlargement of upper, trilobed part of septal filament. D, Cross section enlargement of lower, 

unilobed part of septal filament. Arrows indicate direction of ciliary flows of fluid and food. (Modified and 

redraivn from Van-Praet, M. 1985. Nutrition of sea anemones. Adv. Mar. Biol. 22:65-99.) 
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FIGURE 7-18 Anthozoa: musculature. A, Cross section 

of anemone body wall and septum showing arrangement 

of muscles and gonad. B, Cross section through column and 

pharynx of a soft coral (Alcyonaria) showing arrangement 

of body wall and septal muscles. 

epidermal musculature is largely confined to the tentacles 

(longitudinal) and oral disc (radial), except in tube 

anemones (Ceriantharia) and black corals (Antipatharia), 

which have longitudinal musculature in the column epider- 

mis. The remaining muscles are gastrodermal (Fig. 7-18). 

These consist of a sheet of circular muscle in the column 

wall, longitudinal and radial septal muscles, and a circular 

musculature around the pharynx. Of these, the longitudinal 

septal muscles, called retractors to indicate their polyp- 

retraction function, are strongly developed and conspicuous, 

especially in sea anemones. 

A single retractor muscle occurs on one of the two faces of 

each septum and runs its length from pedal to oral disc (Fig. 

7-16A). A retractor is a local concentration of enlarged epithe- 

liomuscular cells that each contain a high density of myofila- 

ments, so the muscle bulges from the surface of the septum as 

a conspicuous band (Fig. 7-18A). Retractor muscles on adja- 

cent septa may face each other (apex to apex), face away from 

each other (base to base), or may orient apex to base (Fig. 

7-18B). These differing muscle patterns, as well as the number 

and morphogenetic pattern of the septa themselves, are 

autapomorphies of the major anthozoan taxa. 

The nervous system consists of at least two intraepithelial 

nerve nets—one epidermal and one gastrodermal — that join 

together at the pharynx, at septal insertions on the pedal and 

oral discs, and across the mesoglea. The epidermis contains 

the highest density of sensory cells, but never sensory tissues 

or organs. Sensory cells such as nematocytes (ciliary cones) 

and chemoreceptors bear a single cilium surrounded by a col- 

lar of microvilli. 

RETRACTION AND EXTENSION 
Most anthozoan polyps can strongly retract their tentacles, oral 

disc, and column toward their pedal attachment (Fig. 7-19). 

During retraction, many anthozoans simultaneously invaginate 

the oral disc and tentacles into the column and deflate the ten- 

tacles and column by expelling coelenteric fluid from the 

mouth and, in some anemones, cinclides (Fig. 7-16A). 

The septal retractor muscles are responsible for retraction 

and invagination of the oral disc and tentacles. These power- 

ful longitudinal muscles originate on the pedal disc, which is 

anchored to the substratum, and insert on the underside of 

the oral disc. Thus contraction of these muscles not only 

shortens the column, it also bows the oral disc inward and 

then pulls it (and the tentacles) into the column. Once the 

disc and tentacles are invaginated, the purse-string-like sphinc- 

ter muscle constricts the oral-disc margin. 
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FIGURE 7-19 Anthozoa: retraction-deflation sequence. 

A-E, Retraction-deflation of the sea anemone Aiptasia pallida. 

Loss of fluid during deflation of the body requires the 

active contraction of two sets of muscles: radial and longitudi- 

nal. Contraction of radial muscles in all of the septa and the 

oral disc opens the pharynx and mouth. With the pharynx 

and mouth held open, contraction of longitudinal muscles 

retracts the polyp, evacuating the coelenteric fluid through 

the mouth. This fluid loss also causes the tentacles to collapse 

like deflated balloons, permitting them to be more easily 

accommodated as they are withdrawn into the column. 

Polyp deflation results from a partial to complete loss 

of fluid. This near-total loss of body volume requires a fluid- 

recovery mechanism for reinflation that involves uniquely 

anthozoan structures. The pharyngeal siphonoglyphs are the 

water pumps responsible for polyp inflation. Siphonogylph 

cilia always beat with their effective strokes directed inward, 

so as soon as the body-wall muscles of the retracted polyp 

relax, the siphonoglyph incurrent slowly refills the coelen- 

teron, expanding the body to its extended posture and appro- 

priate volume. With the body fluid restored, coelenteric fluid 

pressure tends to push together the opposite, flat sides of the 

pharyngeal wall. This seals the pharynx, preventing backflow 

of water from the coelenteron to the exterior. Thus, the com- 

pressed form of the anthozoan pharynx is important to its 

function as a nonreturn valve. 

Many anthozoan polyps extend to feed and retract for pro- 

tection from disturbances, including predators. Inflation can 

also have other purposes, such as anchoring the polyp in 

a burrow, tube, or crevice. The sea-onion anemone, Paranthus 

rapiformis, uses inflation as an aid to dispersal. When dislodged 

from its burrow, it inflates its body into a sphere and is then 

transported, tumbleweed-fashion, by currents. 

NUTRITION AND INTERNAL 
TRANSPORT 
Most anthozoans are opportunistic carnivores that catch prey 

as it drifts or swims into contact with their tentacles or oral 

disc. Once caught and immobilized by a combination of 

mucus, spirocysts, and nematocysts, the tentacles bend toward 

the oral disc and push large prey into the mouth. Sometimes 

the border of the mouth is inflated into lips that pucker 

upward to help seize the prey. Smaller prey, in the size range of 

plankton, are transported by cilia to the tentacle tips, which 

are then inserted into the mouth (Fig. 7-12C). Upon entering 

the mouth, which can open widely to accommodate large 

foods, the prey is mixed with mucus and swallowed slowly by 

the pharynx. Swallowing results from ciliary action and peri- 

staltic movements of the pharyngeal wall. Once released into 

the coelenteron, the food mass contacts the cnidoglandular 

bands of the septa. Extracellular digestion is initiated by nema- 

tocyst discharge and enzyme release, chiefly proteases and 

lipases, from the enzymatic gland cells. The nematocysts may 

paralyze active prey by injecting enzymes or venom into the 

prey’s body. This first phase of digestion reduces the food to 

particles and molecules, which are circulated throughout 

the coelenteron for phagocytic uptake by gastrodermal cells, 

including the gametes (Fig. 7-17B-D, 7-20E). The flagellar 

bands and flagella elsewhere on the gastrodermis circulate the 

coelenteric fluid (Fig. 17-17B). 

Most anthozoans supplement their nutrition with photosyn- 

thate provided by zooxanthellae, occasionally zoochlorellae, 

or both. These intracellular, mutualistic algae occur especially 

in the gastrodermal cells of the tentacles (Fig. 7-11) and oral 

disc, but sometimes also in the column and septa. 
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FIGURE 7-20 Zoantharian diversity: Actiniaria (sea anemones). A-D, Living animals. A, Freshly excavated 

burrowing anemone, Haloclava producta. Note anchoring physa at pedal end and solid papillae on column. 

B, Bunodosoma cavernata attaches to hard substrata with a pedal disc. Note verrucae (adhesive papillae) 

on column. C, Oral view of the anemone Lebrunia danae, which has branched pseudotentacles bearing 

zooxanthellae and unbranched tentacles lacking them. D, With its graceful, ringed tentacles, Bartholomea 

annulata is a common zooxanthellate species of the West Indian region. E, A gravid female of Aiptasia pallida 

that was incubated for 4 h in fluorescent dextran (a carbohydrate), fixed, and then photographed with 

a fluorescence microscope. The bright fluorescence associated with septa, gonads, and tentacles indicates 

gastrodermal sites of intense nutrient uptake. 
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GAS EXCHANGE AND EXCRETION 
Exchange of gases and release of ammonia occur by diffusion 

across the tentacles and remainder of the body. This exchange 

is facilitated by the ciliary flow of fluid over the gastrodermis 

and a similar ciliary flow over the epidermis (Fig. 7-12C). 

REPRODUCTION AND GROWTH 
Clonal reproduction is widespread and diverse in anthozoans. 

Fission (Fig. 7-13B), fragmentation, and budding of polyps are 

the primary modes, but planula larvae of some corals can also 

arise asexually. 

Both gonochorism and hermaphroditism are common in 

anthozoans. Gonads, which are mere aggregations of germ cells, 

occur in the septa behind the septal filaments (Fig. 7-16A, 

7-18A). Mature gametes, which arise from endoderm, are shed 

into the coelenteron and spawned through the mouth in most 

species. Fertilization is external in seawater except among vivipa- 

rous species, in which it occurs in the coelenteron. The zygote 

develops into a planula larva that often bears a well-developed 

tuft of sensory cilia at its leading (aboral) end (Fig. 7-14G,H). 

The planula larvae of most species are planktonic lecithotrophs, 

but some are planktotrophs that filter feed by trailing sticky 

mucous threads from their mouths. Metamorphosis generally 

begins with the early morphogenesis of tentacles, septa, and 

pharynx before larval settlement on the aboral end (Fig. 7-14FI). 

DIVERSITY OF ANTHOZOA 

ZoanthariasC (Hexacorallia) 
Zoantharia includes approximately 4000 species of sea 

anemones, stony corals, coral anemones, mat anemones, and 

black or thorny corals. Zoantharian symmetry usually is hexa- 

merous, with the septa occurring in multiples of six. Septa, 

which may be complete or incomplete, typically are not single, 

but instead are closely set doubles called pairs (Fig. 7-16B). 

Only Antipatharia (black corals) and Ceriantharia (tube 

anemones) have single septa. A juvenile polyp usually has six 

pairs of septa and 12 tentacles, 1 tentacle extending from each 

interseptal space. As the polyp increases in size, a second 

round of six paired septa may be added along with an addi- 

tional 12 tentacles. Two types of cnidae are present, nemato- 

cysts (six types) and spirocysts, the latter being unique to 

Zoantharia. The gonads form a longitudinal band behind the 

septal filament of each fertile septum (Fig. 7-16A, 7-18A). 

Zoantharians are represented by colonial and solitary species. 

ACTINIARIA0 

Sea anemones are generally large, solitary polyps. Most range 

from 1.5 to 10 cm in length and from 1 to 5 cm in diameter, 

but Tealia columbiana on the North Pacific coast of the United 

States and Stichodactyla mertensii and Heteractis magnified on the 

Great Barrier Reef of Australia may exceed a diameter of 1 m 

at the oral end. The height record of 1 m is held by Metridium 

farcimen of the Pacific Northwest coast of the United States. 

Sea anemones are often brightly colored white, green, blue, 

orange, red, or an entire palette of colors. Sea anemones 

inhabit deep or shallow coastal waters worldwide, but are 

particularly diverse in tropical oceans. Approximately 1350 

species are estimated to exist worldwide. They commonly 

attach to rocks, shells, and submerged timbers or burrow into 

mud or sand. A few establish symbioses with other animals, 

such as hermit crabs, fishes, and shrimps. 

Most anemones are highly inflatable and thus of variable 

shape and size, depending on circumstances (Fig. 7-19). 

Species on hard surfaces attach with a pedal disc (Fig. 7-16A, 

7-20B,E). Burrowers usually lack a pedal disc, but the basal 

end expands to form a bulbous or mushroomlike swelling 

(physa) for anchorage in sediment (Fig. 7-20A, 7-21). In the 

remarkable tropical genus Minyas, some species of which are 

open-ocean blue in color, the expanded pedal disc encloses an 

air-filled chitinous sac, and the anemones float inverted at the 

surface of the sea. This adaptation to neustonic life parallels 

that of the hydrozoans Velella and Porpita (Fig. 7-67). 

Anemones have either six or more than eight simple, 

tapered tentacles (Fig. 7-20B,D,E), which often bear a terminal 

pore. In some anemones, however,- the tentacles are branched 

(Fig. 7-20C), knobbed, or reduced to numerous low nubbins 

scattered uniformly over the entire oral disc, as in “sun” 

anemones (Stoichactis spp.). Some anemones, such as species of 

Actinia and Anthopleura, ward off competitors with specialized 

tentacle-like projections called acrorhagi that lay below and 

near the bases of the true tentacles and are inflated and used 

as weapons. The nematocyst-bearing acrorhagi are called into 

action when contact occurs between different species or even 

genetically different clones of the same species. Following such 

Tentacles 

Capitulum 
(retractile) 

Sand 

Periderm- 
covered 
column 

Physa 

FIGURE 7-21 Zoantharian diversity: Actiniaria. A sea anemone with 
a well-developed periderm. The primitive burrowing species Edwardsia 

elegans. (From Ruppert, E. E, and Fox, R. S. 1988. Seashore animals of the 

Southeast. University of South Carolina Press, Columbia, SC. 429 pp.) 
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an interaction, one or both combatants may withdraw, with 

either or both suffering tissue damage. 

The appearance of the column generally is uniform along 

its entire length. In certain species, however, the upper part of 

the column, immediately below the oral disc and tentacles, is 

a thin-walled, necklike introvert, or capitulum (Fig. 7-21). The 

column wall below the introvert is usually thicker and the tran- 

sition between the two regions often bears a collarlike fold 

(parapet; Fig. 7-16A), as in species of Actinia, Metridium, and 

Urticina. During polyp retraction, as the oral disc, tentacles, 

and capitulum retract into the column, the transitional region 

constricts and the parapet covers and protects the opening. 

The constriction is caused by the epidermal or mesogleal 

sphincter muscle. 

The column wall may be more or less smooth and undiffer- 

entiated or it may bear specialized structures. Solid papillae 

cover the columns of Haloclava producta (7-20A) and Buno- 

dosoma cavernata (Fig. 7-20B). Rows of adhesive papillae (ver- 

rucae) occur on the columns of other anemones, such as 

Anthopleura, Urticina, Bunodosoma (Fig. 7-20B), and Bunodactis. 

T hese anemones use the papillae for attachment of protective 

sand and shell fragments (Fig. 7-4E). Some anemones have 

cinclides in the column wall through which water and acontia, 

when present, exit during polyp retraction (Fig. 7-16A). A few, 

such as species of Bunodeopsis, have individual or clusters of 

thin-walled, zooxanthellae-bearing vesicles protruding from 

the column. 

Some anemones have one siphonoglyph, but most have two 

(Fig. 7-16). Both complete and incomplete septal pairs are 

usually present and never number fewer than 12, and often 

many more. Acontia may be present or absent. Anemones that 

bear acontia, such as Aiptasia, Bartholomea, and Metridium, are 

said to be acontiate. The longitudinal muscle bands in the 

septa are especially well developed and anchored to the oral 

disc above and the pedal disc below. They are primarily 

responsible for the infolding of the oral disc and tentacles, as 

well as the retraction of the column during polyp deflation. 

The chief anemone skeleton is the hydrostatic coelenteron, 

but a few species secrete a chitinous periderm, probably more 

protective than supportive, and usually restricted to the pedal 

disc or the column below the introvert (Fig. 7-21). Chitin 

secretion is best developed in the pelagic Minyas (mentioned 

earlier) and in a remarkable group of deep-water anemones 

called cloak anemones, which are described later in this section. 

Anemones attached to surfaces can move about by a slow, 

muscular gliding on their pedal discs. Sediment-dwelling 

species burrow using peristalsis with the pedal-end leading. 

A few can walk on their tentacles and the hydra-size Gonactinia 

prolifera swims by thrashing its tentacles. The large anemone 

Stomphia, though normally attached to hard surfaces, will 

release and swim by swinging the lower half of its column 

when threatened by the predatory sea star. 

Sea anemones generally feed on various invertebrates, but 

large species feed on crabs, wave-dislodged clams, and even 

fish. The prey is caught with the tentacles, paralyzed or secured 

by cnidae, and carried to the mouth. The lips can be inflated 

and may aid in prey capture. Anemones with numerous tenta- 

cles, such as Metridium, Radianthus, and Stichodactyla, are sus- 

pension feeders, but the sun anemone, Stichodactyla helianthus, 

is reported to catch sea urchins by enveloping them in its 

muscular oral disc. Suspension feeders trap plankton in mucus 

on the surface of the column and tentacles (Fig. 7-12C). Cilia 

on the surface of the column beat toward the oral disc, and 

cilia on the tentacles beat toward the tentacle tips. The tenta- 

cles then bend to deposit the food in the mouth. 

Many anemones harbor gastrodermal zooxanthellae, 

zoochlorellae, or both, especially in the tentacles and oral 

disc (Fig. 7-11). The individual color variations of Antho- 

pleura elegantissima are determined chiefly by the relative 

predominance of zoochlorellae and zooxanthellae. The tropi- 

cal anemone Lebrunia danae has two sets of tentacles, one 

branched whorl of zooxanthellae-bearing “pseudotentacles” 

and a whorl of simple tentacles for catching prey (Fig. 7-20C). 

The photosynthetic pseudotentacles are extended by day, the 

raptorial tentacles at night. 

Clonal (asexual) reproduction, either fission or fragmenta- 

tion, is common in anemones. A specialized form of fragmen- 

tation called pedal laceration occurs in clonal species such 

as Aiptasia pallida, Haliplanella luciae, and Metridium senile (Fig. 

7-22). Small pieces from the margin of the pedal disc detach 

and remain behind as the animal moves, or the pieces may 

move away from the stationary anemone to form a “fairy ring” 

around the base of the parental column. In either case, the 

detached fragments soon develop into small sea anemones. 

Many sea anemones reproduce asexually by longitudinal 

fission, and a few species, such as Gonactinia prolifera and 

Nematostella vectensis, do so by transverse fission. 

Species of sea anemones may be either gonochoric or her- 

maphroditic. Each septal gonad is a longitudinal, cushionlike 

gonadal band between the septal filament and retractor muscle 

(Fig. 7-16A, 7-18A). The eggs may be fertilized and develop in 

the coelenteron or fertilization may occur externally in the 

sea. The planula larva, which may be planktotrophic or 

lecithotrophic, has a variable life span, depending on its species. 

Larval metamorphosis is as it was described for the Anthozoa. 

FIGURE 7-22 Zoantharian diversity: Actiniaria. Pedal laceration in 

the anemone Aiptasia pallida. The small individuals differentiating into 

anemones arose from pedal-disc fragments of the large polyp. 
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Anemones and hermit crabs are a common mutualism in 

the sea. Typically, one or more anemones are associated with 

each crab. Benefits to the anemone are thought to include 

a surface (shell) for attachment, transport to food sources, 

including shreds of food from the feeding crab, and protec- 

tion from predators. Encounters between hermit crabs may 

provide reproductive opportunities for the anemones as well 

as the crabs. The crab, on the other hand, receives both pas- 

sive (camouflage) and active (nematocyst) protection, espe- 

cially from such hermit-crab predators as octopuses and box 

crabs, which are repelled by the anemones. When the crab 

outgrows its shell and switches to a new, larger home, it helps 

the anemone move to the new shell. To accomplish this, the 

crab strokes the anemone’s column to induce the anemone to 

release its pedal-disc attachment, and the crab then transfers 

the anemone to its new shell. In a few species, the anemone 

itself effects the transfer by somersaulting from the old to the 

new shell. 

With growth, most hermit crabs seek out and transfer 

into ever-larger snail shells. Colonization of new shells poses 

risks for crabs, such as exposure to predation and combat 

with other hermits for the limited supply of shells. The 

anemones Stylobates spp. have an expanded pedal disc that 

secretes a chitinous, surrogate “snail” shell for its hermit 

crab, which probably has few shells available to it in the 

deep sea. The crab also avoids shell-transfer risks because 

the anemone both produces and enlarges the shell. This 

may also benefit the cloak anemone, which avoids being 

abandoned during shell exchange. The hermit crab also 

may discourage the anemone’s enemies and inadvertently 

share food with it. 

In the Indo-Pacific, little fishes mostly of the genus 

Amphiprion (clownfish or anemonefish) live as mutualists 

among the tentacles of large sea anemones. Juvenile fish are 

recruited to their sea anemone by species-specific attractant 

substances released by the anemone. The mucous coating the 

surface of the fish lacks nematocyte-triggering compounds, 

making it possible for the fish to live in an otherwise lethal 

habitat. The sea anemone provides protection and some 

food scraps; the fish may attract food (other fish) to the sea 

anemone, protect the sea anemone from some predators (but- 

terflyfish), remove necrotic tissue, and, by its swimming and 

ventilating movements, reduce fouling of the anemone by sed- 

iment. Other symbionts of sea anemones include amphipods, 

cleaning shrimps, snapping shrimps, arrow crabs, and brittle 

stars. 

SCLERACTINIA0 

Closely related to sea anemones (Actiniaria) are the stony, or 

scleractinian, corals (also called madreporarian corals), which 

constitute the largest taxon of anthozoans with approximately 

3600 species. In contrast to anemones, stony corals produce 

a calcium carbonate exoskeleton. Some corals, such as the 

Indo-Pacific reef-inhabiting Fungia and some deep-sea species, 

are solitary and have polyps as large as 50 cm in diameter 

(Fig. 7-24D), but the majority are colonial, with small polyps 

averaging 1 to 3 mm in diameter (Fig. 7-23A, 7-25). A colony, 

however, may grow to several meters in height, weigh tons, 

and be composed of more than 100,000 polyps. Coral polyps 

are very similar in structure to sea anemones, including 

their possession of paired septa. Most, however, lack obvious 
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FIGURE 7-23 Zoantharian diversity: Scleractinia. Anatomy of stony corals. A, Surface of a colonial coral 

showing expanded and contracted polyps, coenosarc, and underlying calcareous exoskeleton (corallum). 

B, Cutaway view of a colonial coral. 
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FIGURE 7-24 Zoantharian diversity: Scleractinia. A, Corallites of ivory coral (Oculina arbuscula); B, staghorn 

coral (Acropora cervicornis); C, starlet coral (Siderastrea radians); D, the solitary mushroom coral (Fungia sp.). 

A-C are West Indian species, D is Indo-Pacific. In B, note the corallite of the axial polyp at the branch tip; the 

other corallites belong to lateral polyps. 

siphonoglyphs (but see Fig. 7-25A) and their retractor muscles 

are sheetlike, not localized and bulging as in anemones. 

Despite these apparent handicaps, coral polyps inflate and 

deflate like anemones. Presumably, the pharynx has inward- 

beating cilia that are not organized into specialized siphono- 

glyphs. 

The skeleton is composed of calcium carbonate (arago- 

nite) secreted by the epidermis of the lower half of the col- 

umn and the pedal disc in solitary species. This process 

produces a skeletal cup, or corallite, which the polyp inhabits 

and retracts into for protection. The wall of the corallite is the 

theca. The floor of the corallite bears radiating, calcareous 

vanes — the sclerosepta (= hard septa; Fig. 7-23B, 7-24A,C,D). 

The thin edge of each scleroseptum projects upward into the 

polyp’s pedal disc, infolding it between each pair of septa. In 

some colonial species, such as the lettuce corals (Agaricia), 

sclerosepta spill over the rim of the coral cups and extend 

onto the surface of the intervening skeleton as costae. In 
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FIGURE 7-25 Zoantharian diversity: Scleractinia. Living zooxanthellate corals. A, Ivory coral (Oculina diffusa). 

Note siphonoglyph-like opening at each corner of closed mouths. B, Starlet coral (Siderastrea radians); C, Finger 

coral (Porites porites); D, Staghorn coral (Acropora cervicornis; note axial polyp at branch tips). 

many species, the floor of the corallite bears a central projec- 

tion, the columella. 

The polyps of colonial corals arise from a coenosarc, which 

is continuous with the wall of the column (Fig. 7-23). The 

coenosarc contains a broad extension of the coelenteron or 

coelenteric tubes (solenia) sandwiched between the upper 

and lower layers of epidermis. The undersurface of the 

coenosarc secretes the skeleton that lies between the coral- 

lites. This is known as coenosteum (= common bone; Fig. 

7-23). The corallites and coenosteum together comprise the 

coral skeleton, or corallum (Fig. 7-23B). The living coral tis- 

sue, polyps and coenosarc, lies entirely above the corallum 

and completely covers it (Fig. 7-23B). 

Sclerosepta, a hallmark of stony corals, probably have sev- 

eral functions, but only one, anchorage, is established with 

certainty. Specialized anchoring cells (desmocytes) attach the 

polyp to its skeleton. Sclerosepta may also help the coral to 

resist predation. As coral polyps retract tightly into their coral- 

lites, some of the living tissue withdraws into the protective 

base of the corallite and the valleys between the sclerosepta, 

but the remainder is stretched over the scleroseptal ridges. The 

low proportion of tissue-to-mineral on the projecting scler- 

osepta may discourage all but the most specialized grazers, 

such as pufferhsh with their ratlike incisors. Finally, because 

many scleractinians with zooxanthellae are retracted during 

daylight hours, the draping of the coral’s photosynthetic tissue 

over the sclerosepta, rather than bunching it together in the 

base of a sclerosepta-free cup, may help expose it to light. The 

surface of the white skeleton also may help to reflect sunlight 

onto the zooxanthellae. 

As long as a coral colony is alive, new calcium carbonate is 

deposited beneath the living tissues, polyps and coenosarc 
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alike. This deposition increases the diameter and thickness of 

the corallum as well as the height of the sclerosepta, thus 

deepening the corallites below the polyps. Each polyp, how- 

ever, has a fixed adult size, so periodically it reduces the depth 

of the corallite by lifting its base and secreting a new floor 

(tabula), sealing off the old floor and a small space above it 

(Fig. 7-23B). Over time, repetition of this process creates a 

tenement of abandoned floors below the living polyps, which 

occupy the top floor only. 

The diversity and beauty of coral skeletons results from 

the growth form of the colony and the arrangement of polyps 

in the colony (Fig. 7-24, 7-26A). Some species form flat or 

rounded skeletal masses whereas others, especially species of 

Acropora, have a fruticose growth form (Fig. 7-24B). Some are 

large and heavy, others small and delicate. When the polyps 

and their corallites are well separated, the coral skeleton has a 

pitted appearance, as in species of the ivory coral Oculina (Fig. 

7-24A), the star coral Astrangia, and the reef coral Montastrea. 

The coalesced corallites of brain corals are arranged in curv- 

ing rows (Fig. 7-26A). The rows are well separated, but the 

polyps in each row are fused together and their corallites are 

confluent. As a result, the skeletal surface of meandering val- 

leys and ridges resembles the appearance of a human brain. 

All colonial corals grow by the budding of new polyps, 

which adds new zooids and increases the area of the colonial 

body. Depending on the species, the buds may arise from the 

oral disc, column, or base of parent polyps, or they may origi- 

nate directly from the surface of the coenosarc (Fig. 7-27). 

Among coensarcal species, intratentacular budding refers to 

buds that arise on the oral disc within the whorl of tentacles 

(Fig. 7-27A); in extratentacular budding, buds arise outside 

the tentacular whorl (Fig. 7-27B). Growth by intratentacular 

budding can produce colonies of individually separated polyps 

(Fig. 7-24A) or a row of incompletely separated polyps whose 

merged corallites form the meandering channels typical of 

brain corals (Fig. 7-26). Each row of polyps in a living brain 

coral, such as species of Diploria or Manicina, is a continuous, 

elongate oral disc bearing a series of mouths (Fig. 7-26C). 

Tentacles occur on the margins of the oral disc on each side 

of the line of mouths, but do not encircle each mouth. Extra- 

tentacular budding always results in a colony of individually 

separated polyps. Species of Acropora grow into fruticose 

colonies by lateral budding from axial polyps (Fig, 7-24B, 

7-25D), which form the main stem and branch stems. 

Calcium carbonate deposition and growth vary diurnally and 

seasonally with temperature and light. Thus, many coral skele- 

tons exhibit seasonal growth bands like tree rings, which can 

show up on x-ray images and be used to determine the age and 

growth rate of the coral. Many dome and plate corals grow only 

0.3 to 2 cm per year. Some species of Acropora, however, increase 

the length of their branches by as much as 10 cm per year. 

Although coral-reef species are variously adapted to live on 

particular parts of a reef, many compete for space with other 

species. When a coral is contacted by another species, it may 

extrude septal filaments from its mouth and damage the 

intruder’s tissues or, as in some sea anemones, it may use spe- 

cialized, extensible (sweeper) tentacles. Aggressiveness varies 

among species. 

A mutualism between zooxanthellae and most corals, and 

the reciprocal metabolic exchanges between them, have 

enabled both coral and alga to flourish in an environment 

FIGURE 7-26 Zoantharian diversity: Scleractinia. The brain-coral 

relative, Manicina areolata. A, Corallum; B, alive retracted; C, alive 

expanded; note one (arrow) of the several mouths surrounded by 

the common margin of tentacles. 

marginal to either alone. The environment in which a coral 

reef develops is the sun-drenched, nutrient-poor, shallow 

waters of the tropics. Corals that house zooxanthellae in their 

gastrodermal cells are said to be zooxanthellate; those that 

lack them, azooxanthellate (aposymbiotic). The algae can 

reach a concentration of up to 5 X 10b cells per square cen- 

timeter of coral tissue. All reef-building (hermatypic) corals 

are zooxanthellate, but deepwater and some cold-water 

species lack zooxanthellae. The zooxanthellae use the coral 

body as a protective habitat, for exposure to light, and as 
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A B 
FIGURE 7-27 Zoantharian diversity: Scleractinia. 
A, Intratentacular budding. B, Extratentacular budding. 

a source of nutrients, especially the P04, NH3, and C02 

by-products of coral metabolism. The coral, in turn, receives 

from algal photosynthate some of its N, C, and energy needs 

(up to 50%), as well as 02. The mutualism also increases the 

rate of coral-skeleton growth because of the photosynthetic 

nutritional supplementation and removal of C02 by the algae. 

Tike sea anemones, both zooxanthellate and azooxanthellate 

corals feed on animals, and depending on the size of the polyps, 

the prey ranges from zooplankton to fish. When expanded, the 

outstretched tentacles of adjacent polyps present a broad, con- 

tinuous mesh difficult for the prey to avoid (Fig. 7-25A,C,D), In 

addition to zooplankton, many corals also trap fine particles on 

mucous sheets or strings, which are then driven by cilia to the 

mouth. Some, such as the foliaceous agaricids, which have 

reduced or no tentacles, are entirely mucous suspension feeders. 

Corals produce large quantities of mucus. Acropora acuminata has 

been estimated to release in mucus as much as 40% of the daily 

fixed carbon received from its zooxanthellae. 

Although there are many exceptions, Caribbean corals feed 

primarily at night and are retracted during the day, and some 

species display a persistent endogenous rhythm of expansion 

and retraction, even when kept in constant darkness or light. 

Many Indo-Pacific corals feed during both day and night. 

Under adverse conditions, zooxanthellate corals expel some 

or all of their algae. With the loss of the pigmented algae, the 

white calcareous skeleton is visible through the now transpar- 

ent tissue and the coral is said to have undergone bleaching. 

The stresses causing bleaching may be under- or overillumina- 

tion, excess UV exposure, salinity fluctuation, and low or high 

temperatures. Because many zooxanthellate corals are thought 

to live at water temperatures near the lethal upper limit, a tem- 

perature rise of only 1°C may be sufficient to induce bleaching. 

Episodes of extensive coral bleaching recorded in the past 

20 years may be linked to global warming. The loss of zooxan- 

thellae from a coral, however, is not always complete and does 

not always result in coral mortality, especially if the period of 

environmental stress is not prolonged. 

Many variants — perhaps many species — of zooxanthellae 

appear to exist. These variants are distributed among species 

of corals, or even in a single coral individual. When environ- 

mental stress reaches a threshold for a particular coral and its 

zooxanthella variant, the coral bleaches, but may then acquire 

another algal variant, which confers a higher degree of stress 

tolerance to the coral-algal mutualism. Thus 5ma//-scale bleach- 

ing may be an adaptive mechanism by which a coral selects the 

algal variant best suited to function under the changed envi- 

ronmental conditions. 

Clonal reproduction is highly developed in the zooxanthel- 

late mushroom corals (Fungiidae), which are primarily large 

(up to 50 cm in diameter), solitary, and semimotile polyps 

common in the coral-reef lagoons of the Indo-Pacific. The 

expanded polyps, which conceal the dome-shaped skeleton 

(Fig. 7-24D), are easily confused'with sea anemones. Using 

their tentacles, fungiids can move over the bottom, right 

themselves, and even regain the surface after burial in sand. 

Juveniles are attached to a hard substratum by a stalk. Periodi- 

cally, the differentiated corallite “cap” detaches from the stalk 

and moves away. The stalk, which is a permanent feature, then 

regenerates another cap and the cycle is repeated. 

Sexual reproduction is similar to that of sea anemones, and 

both gonochoric (one-third of the total) and hermaphroditic 

(the other two-thirds) species occur. Between 70 and 85% of 

the species spawn their gametes; the remainder brood their 

eggs in the coelenteron and release short-lived planula larvae. 

Recent evidence suggests that adults release zooxanthellae as 

they spawn eggs or release larvae, inoculating them with the 

maternal zooxanthellae. After larval settlement and metamor- 

phosis, the juvenile polyp begins to deposit a skeleton and, in 

colonial species, buds additional polyps for colony growth. 

Corals are subject to injury or death from storms, 

extremely low tides, predation, and disease. White-band and 

black-band diseases are caused by microorganisms and can 

produce tissue death and permanent scarring. Disease is exac- 

erbated when pollution raises nutrient levels in the surround- 

ing water. 

Zoanthidea0: 200 largely tropical and common reef- 

inhabiting species; do not secrete calcium carbonate, rely 

instead on periderm, hydrostat, mesoglea, sometimes 

embedded foreign matter for skeletal support, protection. 

Most 1-2 cm diameter, colonial, joined by stolonal network 

or coenosarc (Fig. 7-28A, 7-29); some solitary and large; 

thick, fleshy polyps tall (Fig. 7-28A, 7-29) or short; fringe of 

short marginal tentacles on broad oral disc; column and 

coenosarc covered by thick periderm (Fig. 7-28B), many 

species (such as Palythoa) have embedded sand, other debris 

in periderm and mesoglea; thick mesoglea with solenia that 

open into coelenteron and perhaps column surface (Fig. 

7-28B); solenia circulatory channels for thick body wall; one 

siphonoglyph; coelenteron partitioned by complete and 

incomplete, unpaired septa (Fig. 7-28B). Zoanthus: zooxan- 

thellate reef species in low patches; Palythoa: thickly encrust 

rocks, toxic (polytoxine), native Hawaiians poisoned arrow- 

heads by rubbing with Palythoa toxica; Epizoanthus and 
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FIGURE 7-28 Zoantharian diversity: Zoanthidea. A, Photograph of a living mat anemone, Palythoa texaensis. 
Note expanded and partly retracted zooids. B, Cross section of column and pharynx. Note complete and incomplete 
septa, thick body wall with solenia, foreign matter, and periderm. (B, Modified and redrawn after Hyman, L. H. 1940. 

The Invertebrates, vol 1. Protozoa through Ctenophora. McGraw-Hill Book Co., New York. 726pp.) 

Parazoanthus: common commensals of sponges, hermit 

crabs, other animals. 

Corallimorpharia0: Coral anemones; 50 species, all solitary; 

lack calcareous exoskeleton; most are broad, squat polyps, 

often larger than dinner plates (up to 1 m diameter); on 

coral reefs; expanded oral disc, with many short tentacles 

(Fig. 7-29) or no tentacles; tentacles usually house zooxan- 

thellae, but polyps also feed on large prey such as fish, sea 

urchins; prey enveloped by muscular oral disc, similar to 

prey capture by Venus’s flytrap. Everted nematocyst and 

spirocyst tubules of azooxanthellate species longest known 

in Anthozoa; lack, or perhaps have two weakly developed, 

siphonoglyphs; coelenteron partitioned by paired complete 

and incomplete septa. Corynactis, Discosoma. 

Antipatharia0: 150 spp.; black, or thorny, corals; exclusively 

colonial; slender fruticose colonies to 5 m height; on deep, 

vertical, seaward walls of coral reefs; also elsewhere in deep 

water (Fig. 7-30A); stem and branches with dark, thorny, 

flexible axial skeleton inside thin mantle of polyps and 

coenosarc (Fig. 7-30B); skeleton unique, noncollagenous 

scleroprotein (antipathin); polyps bear six slender tenta- 

cles, two opposite longer than others (Fig. 7-30B); 6, 10, or 

12 complete, unpaired septa (Fig. 7-30D), each having lon- 

gitudinal muscle fibers on one face (radial on other), but 

poorly developed, do not bulge from septal surface; weakly 

developed longitudinal musculature in column epidermis; 

polyps slightly or nonretractile; pharynx may have two 

siphonoglyphs, one hyposulculus (below one siphono- 

glyph, the two specialized, inward-beating ciliary bands on 

free margin of the two [directive] septa). Feed by casting 

plankton-trapping mucous strings, reeled in by cilia. Col- 

lected commercially for black skeleton, pieces polished and 

worn as jewelry. Antipathes, Dendrobrachia, Schizopathes. 

Ceriantharia0: Tube anemones; 75 species; large, solitary, 

mostly burrowing polyps permanently occupy secreted felt- 

like tubes; tubes can exceed 1 m in length (7-31A,B); tubes 

typically buried in sediment except for top few centimeters 

(Fig. 7-31A,B); tube fabric tough, feltlike from discharged, 

woven, ptychocyst tubules; also have nematocysts and spiro- 

cysts, thus all three types of cnidae. Suspension feed with 

two whorls of tentacles; when disturbed, tentacles bundle 

together and withdraw, with column, into tube; swollen 

pedal end (physa) provides anchorage for polyp retraction; 

epidermal longitudinal musculature for rapid withdrawal 

into tube; physa has terminal, “anal” pore; all septa com- 

plete, unpaired, lack retractor muscles (Fig. 7-31C), thus 

cerianthids cannot invaginate oral disc and tentacles into the 

column for protection; single siphonoglyph and correspond- 

ing hyposulculus. Cerianthus, Ceriantheopsis, Pachycerianthus. 

AlcyonariasC (Octocorallia) 
The exclusively marine and mostly colonial Alcyonaria (or 

Octocorallia) includes the colorful sea plumes, fans, pens and 

pansies, as well as organ-pipe coral, precious red coral, blue 

coral, and soft corals. Of the 2000+ species, most are associ- 

ated with the coral-reef community (Fig. 7-32A), but alcyonari- 

ans also are commonly encountered in shallow-water areas of 

the oceans worldwide and even in the deep sea. In general, 

reef-dwelling alcyonarians tend to be more tolerant of envi- 

ronmental extremes than stony corals and will colonize areas 

marginal for scleractinians. Most alcyonarians harbor zooxan- 

thellae and many are thought to rely on their algae to supply 

much of their nutrition. In contrast to the stony corals, which 

defend themselves with nematocysts and by retracting into 

their sharp-edged corallites, many alcyonarians use chemical 

defenses, primarily terpenoids, to poison or discourage would- 

be predators. 

As a group, the colonial alcyonarians have widely diverse 

growth forms (Fig. 7-32A), but uniformly similar octamerous 
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FIGURE 7-29 Zoantharian 
diversity: Three species of 
Corallimorpharia (Corynactis 

parvula, Discosoma sanctithomae, 

and D. calgreni) and seven species 
of Zoanthidea. (From Sterrer, W. 

(Ed.): 1986. Marine Fauna and Flora 

of Bermuda. John Wiley and Sons, 

New York. 742 pp.) 

polyps (Fig. 7-32B, 7-33A). The small retractile polyp, 0.5 mm 

to 2 cm in diameter, has eight pinnate tentacles, each bearing 

side branches called pinnules. The pharynx has one siphono- 

glyph (Fig. 7-33B). Internally, the eight complete unpaired 

septa bear unilobed septal filaments and retractors that lie on 

the siphonoglyph (sulcal) side of each septum (Fig. 7-33B). 

The two septa opposite the siphonoglyph, called asulcal septa, 

bear long, densely ciliated, septal filaments that create an 

orally directed water flow (Fig. 7-33A,C). This flow, in conjunc- 

tion with the aboral flow produced by the siphonoglyph, cre- 

ates a circulation in the polyp and contributes to colonywide 

circulation of nutrients and gases. 
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FIGURE 7-30 Zoantharian diversity: Antipatharia. A, Piece of living black coral. B, Enlargement of branch 
showing two zooids and thorny skeletal axis. Two opposite tentacles, perpendicular to the branch, are longer 
than the other four. C, Vertical section through a polyp (septa not shown) and cross section through branch and 
axial skeleton. The developmental origin of the axial skeleton is unknown; it may be an invaginated periderm. 
D, Cross section through column and pharynx; neither siphonoglyphs nor septal muscles are well developed. 
(Modified and redrawn from Delage Y., and Herouard, E. 1901. Les Goelenteres. Schleicher Fr'eres, Paris. 848 pp.) 

Axial skeleton 

A few alcyonarian colonies are stolonate (Fig. 7-34), but 

most are united by a coenosarc (also called coenenchyme, 

pronounced SIN-in-kime; Fig. 7-35, 7-36) and at least some 

of the fruticose forms develop from axial polyps (Fig. 7-37). 

A coenosarc may be a more or less two-dimensional mat that 

unites the polyps (Fig. 7-35, 7-36), similar to the arrangement 

in most stony corals, or it may be much thicker. If the 

coenosarc is thick, the polyps may be deeply embedded with 

only their oral-most ends (anthocodia) extending above the 

surface (Fig. 7-32B, 7-33A). The pharynx and septa, except for 

the asulcal septa, often are restricted to the anthocodia (Fig. 

7-33A). The coelenteron of each polyp may end just below the 

coenosarcal surface (Fig. 7-33, 7-39) or, free of septa, it may 

extend deeply into the coenosarc as a simple gastrodermal 

tube (Fig. 7-38). In most coenosarcal species, a network of cili- 

ated solenia course through the coenosarcal mesoglea and 

interconnect the coelenteron and gastrodermal tubes, thus 

creating a colonial circulatory system (Fig. 7-33A, 7-36, 7-39). 

Alcyonarian skeletons are diverse and often complex. A 

periderm is associated with the prostrate stolons (Fig. 7-34), 

coenosarc, and upright stems of many primitive species, but 

is generally absent in the others. Blue coral, like stony corals, 

has a calcareous exoskeleton (Fig. 7-36), whereas the calci- 

fied skeleton of organ-pipe coral is internal (Fig. 7-35). The 

mesoglea that surrounds the solenia and lower ends of the 

polyps also has a skeletal function in alcyonarians. It contains 

calcareous spicules of various shapes and colors (Fig. 7-32B, 

7-33A, 7-35B, 7-39) and organic fibers that toughen and 

harden the body wall. Many fruticose species, such as sea 

plumes and precious red coral, also have either an organic or 

calcified axial skeleton to support their stems and branches 

(Fig. 7-41D-F). 

Colonies with a thick coenosarc often have dimorphic polyps 

called autozooids and siphonozooids. Autozooids are typical 

feeding polyps, but siphonozooids are highly modified for ciliary 

water pumping, colony inflation, circulation, and, in some cases, 

sexual reproduction (perhaps because of the importance of a 

respiratory water flow over the gonads) (Fig. 7-40C,D). Siphono- 

zooids lack tentacles and do not extend above the surface of the 

coenosarc. They have an enormously developed siphonoglyph 

and litde else, except for gonads in certain species. Siphono- 

zooids receive their nutrition, via solenia, from autozooids. 

Clonal reproduction is by fragmentation or fission. Most 

alcyonarians are gonochorists that release their gametes in 

mass spawnings similar to those used by many stony corals, but 

a few viviparous species release planula larvae. The gonads 

occur on all septa except the asulcal septa, which are sterile. 

Planula larvae, which settle and metamorphose into polyps, 

are often zooxanthellate. 

Stolonifera0: Stolonate or, despite the taxon name, 

coenosarcal. Cornularia cornucopae: stolonate (Fig. 7-34, 

7-41 A); mesoglea thin, lacks spicules; stolon and polyp 

bases enclosed in periderm. Clavularia (some species): 

prostrate stolons fused into coenosarc; upright tubular 

polyps interconnected at various levels by coenosarcal 

bridges with solenia (Fig. 7-41B); mesoglea has spicules. 

Tubipora musica: organ-pipe coral (Indo-Pacific); parallel 

upright, tubular polyps (“organ pipes”) from basal 

coenosarc; horizontal coenosarcal platforms containing 
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FIGURE 7-31 Zoantharian diversity: Ceriantharia. A, Photograph of living tube anemone Cerianthus. 

B, Cutaway view of a cerianthid and its tube. C, Cross section through the column and pharynx. Enlargement 

shows well-developed longitudinal musculature in epidermis. (B, Modified and redrawn from Kaestner, A. 1984. 

Lehrburh der Speziellen Zoologie. 2. Teil. Gustav Fischer Verlag, Stuttgart. 621 pp.; C, Modified and redrawn from Delage, Y., 

and Herouard, E. 1901. Les Coelenteres. SchleicherFreres, Paris. 848pp.) 
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FIGURE 7-32 Alcyonaria. A, Sea plumes (Gorgonacea: Holaxonia) photographed underwater on a Florida 
coral reef. B, Close-up of a living branch of the sea plume Lophogorgia hebes with expanded and contracted 
anthocodia (autozooids). Note pinnules on tentacles and spicular coenosarc between zooids. 
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FIGURE 7-33 Alcyonaria: polyp anatomy. A, Cutaway view of polyp and coenosarc. Expanding arrow: typical 
calcareous spicule from mesoglea. B, Cross section through polyp at level of pharynx. C, Cross section of polyp 
below the pharynx. (A, Modified and redrawn from Kaestner, A. 1984. Lehrbuch der Speziellen Zoologie. 2. Teil. Gustav 

Fischer Verlag, Stuttgart. 621 pp; B and C, Modified and redrawn from Hyman, L. H. 1940. The Invertebrates, vol 1. 

Protozoa through Ctenophora. McGraw-Hill Book Co., New York. 726 pp.) 
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FIGURE 7-34 Alcyonarian diversity: Stolonifera. The 
stolonate Cornularia cornucopae lacks spicules and has a 
well-developed periderm. (Modified and redraion from Kaestner, A. 

1984. Lehrbuch der Speziellen Zoologie. 2. Teil. Gustav Fischer Verlag, 

Stuttgart. 621 pp.) 

solenia (Fig. 7-35A) unite polyps at various levels above sub- 

stratum (Fig. 7-35, 7-41B); coenosarc, polyps, platforms 

supported by calcareous tubular endoskeleton composed 

of fused red mesogleal spicules (Fig. 7-35B); red color of 

the skeleton imparted by an incorporated iron salt. 

Helioporacea0: Heliopora coerulea: blue coral (Indo-Pacific), 

the sole reef-building alcyonarian; zooxanthellate. Secretes 

massive calcareous exoskeleton (aragonite) from underside 

of madike coenosarc, 2-3 mm thick (Fig. 7-36); corallum 

blue because of iron salts in skeleton; tiny polyps, 1 mm 

diameter, extend singly from circular corallites that lack 

sclerosepta (Fig. 7-36B); polyp coelenterons united by 

coenosarcal solenia. Coenosarcal undersurface bears numer- 

ous blind vertical tubules (diverticula), which extend into pits 

between corallites (Fig. 7-36A); with growth, bases of polyps 

and diverticula both produce tabulae, as in stony corals (Fig. 

7-36A); diverticula increase surface area, secrete CaC03. 

Telestacea0: Mostly species of Telesto: small upright branch- 

ing colonies of polyps that arise’ from a coenosarc; main 

stem and branches are elongate axial polyps with short, lat- 

erally budded zooids (Fig. 7-37, 7-41G); thick stem and 

branches encased in spicular coenosarc; coenosarcal sole- 

nia interjoin polyps’ coelenterons. 
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FIGURE 7-35 Alcyonarian diversity: Stolonifera. The organ-pipe coral, Tubipora musica, a zooxanthellate 
species from reefs of the Indo-Pacific. Colony base is a coenosarc. A, Endoskeleton of Tubipora is composed of 
fused mesogleal spicules. Note solenial canals in fractured platforms (horizontal stolons). B, Anatomy of Tubipora 
in vertical section. (B, Modified and redrawn from Kaestner, A. 1984. Lehrbuch der Speziellen Zoologie. 2. Teil. Gustav 

Fischer Verlag, Stuttgart. 621 pp.) 
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FIGURE 7-36 Alcyonarian diversity: Helioporacea. Blue coral, Heliopora coerulea, a zooxanthellate, reef- 
building species from the Indo-Pacific. The nonspicular exoskeleton, like that of stony corals, is secreted from the 
undersurface of the coenosarc. A, Cutaway view of polyp, coenosarc, and skeleton. B, Surface view of skeleton. 
(A and B, Modified and redrawn after Bourne from Delage, Y., and Herouard, E. 1901. Traite Zoologie Concrete. Vol. 2. Les 

Coelenteres. Schleicher Freres, Paris. 848 pp.) 

Alcyonacea0: Soft, leather, or mushroom corals; high diver- 

sity on Indo-Pacific and Red Sea coral reefs, but some (for 

example, Alcyonium, Gersemia) in temperate waters; with or 

without zooxanthellae. Elongate, upright, parallel, tubular 

polyps completely embedded in thick fleshy coenosarc 

FIGURE 7-37 Alcyonarian diversity: Telestacea. Part of a fruticose 

colony of Telesto riisei from Florida. Greatly elongate axial polyps, 

which bud short polyps laterally, grow upright to form the main stems 

and branches. An axial polyp is situated at the branch tip on the left 

side of the photograph. Its growth and budding zone lies just below 

the crown of tentacles. 

except for oral-most ends (anthocodia; Fig. 7-38, 7-41C); 

polyp gastrodermal tubes (coelenterons), inteijoined by 

solenia, typically reach to attached colony base; polyp 

growth indeterminate (like axial polyp), keeps pace with 

growth of coenosarc, which may be branched or lobed; 

anthocodia often restricted to lobes or branch ends; spicu- 

lar coenosarc, sometimes also with organic fibers. Very 

thick coenosarc requires ventilation for gas exchange: 

siphonozooids in Heteroxenia, Sarcophyton; Xenia and others 

lack siphonozooids, but contract autozooids rhythmically, 

like hearts, to pump water. 

Gorgonacea0, Scleraxonias°: Includes precious red coral, 

Corallium rubrum (Mediterranean Sea, Sea of Japan), and 

other fruticose species with lateral anthocodia on coenosar- 

cal stems and branches, each supported by a skeletal axis; 

axis not enclosed in or secreted by its own specialized 

epithelium; skeleton an axial concentration of coenosarcal 

spicules and organic fibers (as in Briareum) or spicules alone 

(as in Corallium; Fig. 7-41D); coenosarcal solenia in skeletal 

axis (except in Corallium). Corallium: calcified skeletal axis 

surrounded by monolayer of gastrodermal tubes (possibly 

specialized solenia or axial-polyp coelenterons) parallel to 

axis and perpendicular to anthocodia; tubes join anthoco- 

dia directly or via solenia; auto- and siphonozooids present; 

siphonozooids alone bear gonads; calcified skeletal axis col- 

lected for centuries for jewelry and other decorations. 

Gorgonacea0, Holaxonias0: Large, plantlike, often color- 

ful sea plumes, sea fans, sea whips that sway gracefully in 

currents on coral reefs and elsewhere (Fig. 7-32A); resem- 

ble candelabra, cattails, or ostrich plumes; few are single 

upright stems, most are branched and, in sea fans, the 

branches are cross-connected to form a mesh; most tropical 

species zooxanthellate, those in colder, more productive 

waters lack algae. Numerous anthocodia borne laterally 
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FIGURE 7-38 Alcyonarian diversity: Alcyonacea. A, Living soft, or mushroom, coral (Alcyonium khoisanianum) 
from South Africa. B, Cutaway view of the soft coral Alcyonium distinctum, also from South Africa. Note the 
thick, fleshy, spicular coenosarc and the gastrodermal tubes, one for each anthocodium, that reach the base of 
the coenosarc. (B, Modified and redrawn from reference A) 
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FIGURE 7-39 Alcyonarian diversity: Gorgonacea: Holaxonia. 
Anatomy of a sea plume (or sea whip). (Modified and redrawn from 

Bayer, F. M. 1956. Octocorallia. In Moore, R. C. (Ed.): Treatise on Invertebrate 

Paleontology. Part F. Coelenterata. Geological Society of America and University 

of Kansas Press, Lawrence, pp. 166-230.) 

around coenosarcal stems and branches; siphonozooids 

absent (Fig. 7-32B); expanded anthocodia (autozooids) 

densely distributed, stems and branches often “furry”; when 

disturbed, anthocodia retract into spicule-toughened, rela- 

tively thin coenosarc; on upright stems and branches, 

siphonoglyph side of each polyp faces base of colony; pri- 

mary skeletal support is an organic axial rod, enclosed by 

a specialized secretory epithelium (axial epithelium), in 

stems and branches (Fig. 7-39); axial rod springy, virtually 

unbreakable, firmly attached to substratum; rod composed 

of highly cross-linked collagen (and other proteins) called 

gorgonin and more or less calcified; monolayer of parallel 

gastrodermal tubes (possibly specialized solenia or axial- 

polyp coelenterons) covers axial rod and runs along its 

length (Fig. 7-39, 7-41E), as in scleraxonian Corallium; 

lateral anthocodia join these tubes, either directly or via 

solenia. 

Pennatulacea0: Sea feathers, sea pens, and sea pansies; 

polymorphic colonies, often bilaterally symmetric, anchor 

in soft bottoms of sand or mud (Fig. 7-40A,B); many 

resemble a feather stuck upright in sediment, its broad 

surface perpendicular to the current (Fig. 7-40B), but 
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C 

FIGURE 7-40 Alcyonarian diversity: Pennatulacea. A, Deep-sea (5000 m), south Atlantic species of Umbellula 

with 1 m-long peduncle. B, Anatomy of a sea pen similar to Pennatula or Ptilosarcus. C, Deflated sea pansy 

(Renilla reniformis) from South Carolina. The dark circles rimmed in white are the retracted autozooids; the small 

white spots are inhalant siphonozooids; the arrow points to the single exhalant siphonozooid. D, Inflated sea 

pansy. (B, Modified and redrawn from Kaestner, A. 1984. Lehrbuch der Speziellen Zoologie. 2. Te.il. Gustav Fischer Verlag, 

Stuttgart. 621 pp.) 
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FIGURE 7-41 Alcyonarian diversity: body designs. Diagrammatic 
vertical and cross-sectional views. Solenia not shown. A, Stolonifera: 
simple stolonate species such as Cornularia. B, Stolonifera: species such 
as Tubipora with elevated horizontal stolons (platforms). C, Alcyonacea: 
species with thick coenosarc in which elongate zooids (anthocodia and 
gastrodermal tubes) are embedded. D, Gorgonacea, Sderaxonia: 
fruticose species such as precious red coral (Corallium rubrum) with 

an axial skeleton of concentrated spicules, organic fibers, or both. 
E, Gorgonacea, Holaxonia: fruticose sea plumes and sea fans with an 
axial rod enclosed in an epithelium and composed of gorgonin with or 
without nonspicular calcium carbonate. F, Pennatulacea: sea pens and 
pansies; body consists of a single large axial polyp bearing lateral 
zooids and an axial rod. G, Telestacea: fruticose colonies of Telesto; 
main and branch stems are axial polyps that bud lateral zooids. 

sea pansies (Renilla), though rooted in sand, flop over 

to lie flat on sediment surface (Fig. 7-40C,D) and can 

move slowly over it; zooxanthellae absent, feed entirely 

on plankton, perhaps other suspended organic material. 

Colonies composed of three (occasionally four) types of 

polyps in a thin spicular coenosarc; main axis and bulk 

of body is one enlarged, elongate axial polyp (= primary 

polyp; Fig. 7-40B), more than 3 m long in Chunella (simi- 

larly elongate Umbellula in Figure 7-40A); with growth, 

axial-polyp tentacles, mouth, and pharynx regress and 

disappear, but column persists and functionally is divided 

into two parts; swollen lower part, the peduncle, for 

burrowing and anchorage, is devoid of zooids (Fig. 

7-40B); rachis, or upper part of column, is budding 

zone and bears auto- and siphonozooids, both oriented 

perpendicular to axis of primary polyp (Fig. 7-40B); 

auto- and siphonozooid siphonoglyphs generally face 

attached end of colony; polyp coelenterons intercon- 

nect directly, but solenial connections also present; with 

their integrated polymorphic polyps, bilateral symmetry, 

and motility (Renilla), pennatulacean body is at organ- 

level of organization similar to that of bilaterally sym- 

metric animals. Funiculina, Ptilosarcus: primary polyp 

encloses a horny axial rod (Fig. 7-41F) surrounded by 

axial epithelium, similar or identical to gorgonin, but des- 

ignated “pennatulin”; Stylatula, Virgularia: axial rod miner- 

alized with nonspicular calcium carbonate; Renilla: lacks 

axial rod. 

PHYLOGENY OF ANTHOZOA 
Anthozoan phylogeny is not yet well understood, and several 

competing models have been proposed. The phylogenetic 

trees shown here for Anthozoa (Fig. 7-42) and Alcyonaria 

(Fig. 7-43) are both based solely on morphological characters. 

At present, there is little consensus among trees derived from 

molecular analyses. 

Here we recognize two major taxa of Anthozoa: Alcyonaria 

and Zoantharia (Fig. 7-42). Within Zoantharia, united by their 

hexamerous symmetry and especially by the spirocyst synapo- 

morphy, the sea anemones, stony corals, and coral anemones 

may constitute a monophyletic taxon, but the relationships 

among them are unclear. Scleractinians and corallimorphs, 

however, may be more closely related to each other than 

either is to the sea anemones. The systematic positions of the 

zoanthids and especially the antipatharians are also uncertain. 

Our analysis suggests that the zoanthids may be the sister 

taxon of the Actiniaria—Scleractinia—Corallimorpharia and 

Antipatharia is the sister taxon of the Ceriantharia. 

For the Alcyonaria in particular, the phylogenetic tree 

(Fig. 7-43) suggests that primitive members were stolonate 

or stolonal-mat colonies that lacked spicules. The sister taxon, 

representing most other alcyonarians, evolved a complex 

coenosarc bearing spicules as well as zooidal dimorphism 

(autozooids and siphonozooids). The apomorphic taxa form 

fruticose colonies that arise from the growth and budding of 

axial polyps and are supported by an axial rod. The homology 

of some characters used in this phylogeny, however, are 
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FIGURE 7-42 Phylogeny of Anthozoa and Zoantharia. 

1, Anthozoa: polyp with pharynx, one siphonoglyph, 

unpaired complete septa, septal filaments, each septum with 

sheetlike radial and longitudinal musculature on opposite 

faces. 2, Zoantharia: hexamerous symmetry, new septa added 

as bilateral singles from localized growth zone, spirocysts. 

3, Ceriantipatharia: hyposulculus (aboral continuation of 

"dorsal" siphonoglyph [sulculus] onto directive septa), 

nonretractile tentacles. 4, Antipatharia: spiny axial skeleton 

(noncollagen "antipathin"). 5, Ceriantharia: tube composed 

of ptychocysts, well-developed longitudinal column 

musculature (epidermal), two whorls of tentacles. 

6, N.N.: complete and incomplete septa, tentacles and oral 

disc retractile into column. 7, Zoanthidea: column with 

periderm, mesoglea with solenia. 8, N.N.: paired septa, new 

septa added as bilateral doubles (pairs) from generalized 

growth zone; mesogleal sphincter muscle. 9, Actiniaria: 
well-developed septal retractor muscles, solitary, two 

siphonoglyphs. 10, N.N.: reduced siphonoglyphs (possibly 

even absent). 11, Scleractinia: corallum with corallites, 

sclerosepta. 12, Corallimorpharia: multiple tentacles 

in each interseptal space, muscular oral disc. 

13, Alcyonaria: see Fig. 7-43. 
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FIGURE 7-43 Phylogeny of Alcyonaria. 

1, Alcyonaria: eight pinnate tentacles, eight 

unpaired complete septa, asulcal septa 

specialized for water pumping. 2, Helioporacea: 
massive nonspicular calcareous exoskeleton 

(aragonite). 3, N.N.: calcareous spicules in 

mesoglea. 4, Telestacea: growth by budding 

from an axial polyp. 5, N.N.: siphonozooids, 

organic fibers (probably collagen) in mesoglea. 

6, Alcyonacea: very thick coenosarc, deeply 

embedded elongate polyps extend to colony 

base. 7, N.N.: fruticose colony, axial skeleton, 

lateral budding of short anthocodia. 

8, Gorgonacea (Scleraxonia): skeletal axis of 

spicules, organic fibers, or both; axis lacks 

enclosing epithelium. 9, N.N.: axial rod (of 

collagen and other scleroproteins) with or 

without nonspicular calcium carbonate, rod 

bound by an axial epithelium. 10, Gorgonacea 
(Holaxonia): autozooids arranged radially 

around stems and branches, siphonozooids 

absent. 11, Pennatulacea: auto- and 

siphonozooids arise from surface of single 

enlarged axial polyp. 
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PHYLOGENETIC HIERARCHY OF ANTHOZOA 

Anthozoa 

Alcyonaria 

Stolonifera (part)-Helioporacea 

N.N. 

Stolonifera (part)-Telestacea 

N.N. 

Alcyonacea 

N.N. 

Scleraxonia 

N.N. 

Holaxonia 

Pennatulacea 

Zoantharia 

Ceriantipatharia 

Antipatharia 

Ceriantharia 

N.N. 

Zoanthidea 

N.N. 

Actiniaria 

N.N. 

Scleractinia 

Corallimorpharia 

uncertain. For example, the axial rod of gorgonians may not 

be homologous with that of pennatulaceans and the gas- 

trodermal tubes in the stem and branch axes of gorgonians 

may not be axial polyps, but rather upright stolons or highly 

organized solenia. Such uncertainties highlight the need for 

renewed basic research in comparative and developmental 

morphology. 

MEDUSOZOA  

Cnidarians with a medusa stage in their life cycle constitute 

the taxon of Medusozoa. The basic life cycle, beginning 

with the adult, is: medusa —> planula —» polyp —» medusa (Fig. 

7-15). Medusozoans have tetramerous symmetry, based on 

four or multiples of four, and a linear mitochondrial DNA 

molecule, rather than the circular form found in Anthozoa 

and all other animals. Cnidae are present as nematocysts only; 

spirocysts and ptychocysts are absent. Medusozoa includes two 

major taxa, Scyphozoa (large jellies) and Flydrozoa (small jel- 

lies, Hydra, hydroids, and relatives). We begin with the large, 

conspicuous scyphozoans. 

SCYPHOZOAc 

The exclusively marine Scyphozoa includes the box jellies, 

stalked jellies, flag-mouth jellies, and root-mouth jellies. The 

taxon, which consists of only 200 species, is best known for its 

large medusae, which are seen washed ashore on beaches, 

adrift in nearshore currents, or pulsating rhythmically near 

the water’s surface. Because the medusae are conspicuous and 

common, references to “jellyfish” most often apply to these 

animals. 

Form and Function 

Scyphozoans have small, funnel-shaped polyps, scyphistomae, 

that are solitary or colonial, depending on species (Fig. 7-44, 

7-45, 7-76D-F). The wide oral end of each polyp tapers 

sharply to about the middle of the column. Below this level, 

the column is a narrow stalk that extends to the small pedal 

disc. Typical polyps reach a few centimeters in height, but 

rarely more than 2 mm in diameter. The polyps attach to the 

substratum with a chitinous periderm that can embrace part 

or all of the column (Fig. 7-44, 7-45). The tetramerous symme- 

try of scyphopolyps is indicated by four equidistant, gastroder- 

rrial septa partitioning the coelenteron (Fig. 7-45). These 

septa are widest at their insertion on the oral disc, then nar- 

row aborally and disappear before reaching the pedal end of 

the polyp. Anthozoan-like septal1 filaments are absent, but 

each septum has a septal funnel (subumbrellar funnel) that 

originates as an invagination of the oral disc and extends 

deeply into the septum (Fig. 7-45). The four hollow funnels 

end blindly within the septa, but open on the surface of the 

oral disc. Epitheliomuscular cells in the wall of each funnel 

form a longitudinal retractor muscle. In contrast to anthozoan 

polyps, scyphopolyps lack a pharynx and oral sphincter. 

The large scyphomedusae (Fig. 7-46A), which occur in all 

oceans of the world, have a typical range of bell diameters 

from 2 to 40 cm, but some are much larger, up to 2 m in 

Cyanea capillata. Their colors are often striking, especially 

when the gonads and other internal structures (deep orange, 

pink, or other colors) are visible through the transparent or 

delicately tinted bell. Tetramerous symmetry is often apparent 

on the specialized manubrium, which may be square or elon- 

gate and divided into four oral arms that stream below the 

bell like masthead pennants on old sailing ships (Fig. 7-46A). 

Sometimes, the marginal tentacles are arranged in four or 

eight groups, but often they are uniformly distributed around 

the perimeter of the bell (Fig. 7-47A). 

Four equidistant septa divide the coelenteron into a central 

stomach and four gastric pockets (Fig. 7-46B). The thick 

septa, which persist from the polyp stage, each contain a septal 

funnel that opens onto the oral surface (Fig. 7-46B, 7-47A). 

These funnels are in close proximity to the eight gonads (four 

pairs), which, as in anthozoans, are borne on the sides of the 

septa. A water flow, probably ciliary in origin, enters and leaves 

the funnels, perhaps supplying oxygen to the gonads. The free 

margins of the septa bear a cluster of slender, threadlike 

gastric filaments, with the unattached end of each filament 

extending freely into the stomach (Fig. 7-46B, 7-47A). Remi- 

niscent of the cnidoglandular band and acontia of antho- 

zoans, the gastric filaments bear nematocytes arid enzymatic 

gland cells and are important in subduing prey and digestion. 

In some scyphozoans, the stomach region gives rise to radial 

canals, often repeatedly branched, that create a coelenteric 

network in the thick mesoglea and often join a marginal ring 

canal (Fig. 7-46C, 7-47A). Gastrodermal cilia circulate the coe- 

lenteric fluid in a definite circuit. If the stomach is considered 

to be the “heart” of this circulatory system, then some radial 

canals are “arteries,” carrying fluid away from the stomach, 
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FIGURE 7-44 Scyphozoa: polyps. A, Conulata: fossil periderm tube of an extinct Paleozoic specimen. 
B, Coronatae: living polyp in its annulated periderm tube. C, Semaeostomeae: living polyp (scyphistoma) 
with periderm at pedal end only. 
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FIGURE 7-45 Scyphozoa: polyp anatomy (based on Semaeostomeae and Rhizostomeae). 
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Septal Gastric filaments 

FIGURE 7-46 Scyphozoa: medusae. A, The sea nettle Chrysaora quinquecirrha (SemaeOstomeae). Note oral 
arms, tentacles, and rhopalia (white spots on bell margin). B, Anatomy of a stalked jelly such as Haliclystus 

(Stauromedusae). C, Anatomy of a flag-mouth jelly such as Aurelia (Semaeostomeae). Note that the gastric 
pouches in C correspond in position to the septa in B. 

whereas others are “veins” (Fig. 7-47B). The thick mesoglea 

contains amebocytes that perhaps are functional fibroblasts. 

The umbrellar margin is often scalloped into rounded 

lobes called lappets, which provide flexion points during bell 

contraction (Fig. 7-46B,C, 7-47A). At equal intervals around 

the margin of the bell, in the niches between the lappets, are 

knoblike sensory lobes known as rhopalia (Fig. 7-46A,C, 7-47). 

The rhopalia are sensory organs that have gastrodermal, 

mesogleal, and epidermal components (Fig. 7-48C). The sen- 

sory structures in each rhopalium are a gastrodermal statocyst, 

a mechanoreceptor, probably a chemoreceptor, and some- 

times a photoreceptor. Although rudimentary in comparison 

with human sensory capabilities, each rhopalium provides 

information related to gravity-equilibrium, waterborne vibra- 

tions (hearing), as well as odor and light detection. A gan- 

glion associated with the rhopalial base receives and integrates 

the sensory information with a nerve net and nerve ring. 

Rhopalial ganglia have pacemaker neurons whose burst rate is 

affected by input from the rhopalia, thus controlling swim- 

ming rate and direction. The subumbrellar locomotory mus- 

cles are a cross-striated coronal muscle and radial muscles. 

Adult scyphozoans feed on small animals, especially crus- 

taceans, but many also eat other jellies. Some scyphozoans 

feed on fish; however, larval fish of a number of species swim 

with certain species of scyphozoans for protection. As the 

medusa gently swims or slowly sinks, prey is captured on con- 
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FIGURE 7-47 Scyphozoa: anatomy and internal transport (Aurelia: Semaeostomeae). A, Cutaway view of 
adult. B, Ciliary flows in the coelenteric network. (B, Modified and redrawn after Southward, A.J. 1955. Observations 

on the ciliary currents of the jellyfish Aurelia aurita. JMBA (UK) 34:201-216.) 

tact with the tentacles or the manubrium. The tentacles may 

bend or contract to bring the prey to the vicinity' of the 

manubrium. Scyphozoan nematocysts occur in the epidermis 

of polyps and medusae, and also in the gastrodermis (gastric 

filaments) of medusae. 

In general, scyphozoan polyps (scyphistomae) are asexual 

and medusae sexual. In scyphistomae, budding is responsible 

for growth in colonial species and clonal reproduction in soli- 

tary forms. The buds arise either on the column wall or from 

a stolon (as in Aurelia). At the appropriate time of year, under 

the influence of hormonal and environmental factors, scyphis- 

tomae asexually produce young medusae in a process known 

as strobilation (Fig. 7-49). A disclike medusa differentiates 

from the oral end of the strobilating scyphistoma, now called 

a strobila, and then separates from it by transverse fission. The 

newly released, free-swimming, juvenile medusa is an ephyra. 

The minute ephyra has a deeply incised bell margin, which 

flaps vigorously as the jelly swims (Fig. 7-49). Depending on 

species, a strobila produces either one medusa (monodisc 

strobilation) or a succession of many (polydisc strobilation). 

In polydisc-strobilating forms such as Aurelia and other com- 

mon scyphopolyps, the differentiating medusae resemble a 

stack of saucers, the oldest and first released being oral-most 

in the stack (Fig. 7-49). After strobilation, the scyphistoma may 

resume its polypoid existence until the following year, when 

formation of ephyrae is repeated. A scyphistoma may live for 

one or several years. 

Some ephyrae take two years to grow into sexually repro- 

ducing adult medusae, whereas others are relatively short 

lived. The ephyrae of Aurelia aurita on the west coast of the 

United States are produced in March and reach sexual matu- 

rity by June. 

Most adult scyphomedusae are gonochoric with eight gas- 

trodermal gonads, one on each surface of the four septa (Fig. 

7-46B). Gametes are spawned through the mouth, but some 

species brood eggs on the surface of the body. Zygotes develop 

into planulae that, after a brief free-swimming existence, settle 

to the bottom, become attached by their anterior end, and 

metamorphose into polyps. 

Diversity of Scyphozoa 
Scyphozoa is divided into five taxa. Some traditional classifica- 

tions, however, consider one of these taxa, Cubomedusae 

(as Cubozoa), to be the sister taxon of Scyphozoa. Our cladistic 

analysis, however, does not support this interpretation. Instead, 

the placement of Cubomedusae within Scyphozoa seems to be 

supported by several synapomorphies. These include septa, 

gastric filaments, eight gonads, gastric pockets, rhopalia, and 

medusa differentiation from the oral end of the polyp. 

Semaeostomeae0: The flag-mouth jellies are large medusae 

10-30 cm in diameter (but can be up to 2 m wide), in 

which the manubrium is elongate and divided into four oral 
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FIGURE 7-48 Scyphozoa: nervous system and sense organs (Aurelia: Semaeostomeae). A, Bell margin (ephyra) 
showing nerve net, lappets, and rhopalia. B, Exumbrellar view of adult rhopalium. C, Vertical section of 
rhopalium. (B and C, Modified and redrawn from Hyman, L. H. 1940. The Invertebrates, Vol. 1. McGraw-Hill Book Co., 

New York.) 

arms. Most of the 50 species are coastal in distribu- 

tion, including Aurelia aurita, the moon jelly; species of 

Chrysaora, often called sea nettles (Fig. 7-46A); Cyanea capil- 

lata, the winter or lion’s mane jelly; and the fried-egg jelly, 

Phacellophora camtschatica. Pelagia noctiluca, however, lives off- 

shore in the open ocean, and Stygiomedusa fabulosa is a deep- 

water form. 

The bell of semaeostomes (sem-ME-oh-stomes) bears hollow 

marginal tentacles, lappets, and usually eight rhopalia. In Aure- 

lia, the bell has eight lappets, eight rhopalia, and a marginal 

fringe of short tentacles (Fig. 7-46C, 7-47A). The mouth leads 

into a large four-lobed stomach, the lobes being called gastric 

pouches (Fig. 7-46C). Unlike the gastric pockets, which primi- 

tively occur in the four interseptal spaces (in cubo-, stauro-, 

and coronate medusae), the gastric pouches of semaeostomes 

(and rhizostomes) occupy the positions of the septa them- 

selves (compare B and C of Fig. 7-46). Septa are absent in 

semaeostome medusae, but in their locations are the new gas- 

tric pouches, within each of which are all the typical septal 

structures except the actual septum. These septal structures 

include gonads, gastric filaments, and septal funnels (Fig. 

7-46C, 7-47). Each septal funnel primitively projected into 

a septum (Fig. 7-45, 7-46B), but now projects into the center of 

a gastric pouch (Fig. 7-46C), which has replaced the septum. 

The gonads, still faithful to the original septal positions, now 

lie in the walls of the pouches, but with no septa to separate 

the members of each pair, fuse from eight into four gonads. 

Each gonad is closely associated with the blind inner end of 

a septal funnel, now called a subgenital funnel (Fig. 7-46C, 

7-47A). As in other scyphomedusae, the bidirectional water 

flow in the funnels probably ventilates the gonads for gas 

exchange. From the central stomach, the coelenteron breaks 

up into a complex coelenteric network in the large, thick 

mesoglea of the bell (Fig. 7-46C, 7-47B). This network, with dis- 

crete arterial and venous flows, is the circulatory system for the 

peripheral parts of the body (Fig. 7-47B). 

Aurelia is a suspension feeder that traps plankton in mucus 

on the ciliated subumbrellar surface. Cilia then sweep the 

food to the bell margin, where it is scraped off by the oral 

arms. Ciliated grooves on the oral arms carry the food to the 

mouth and stomach. Other semaeostomes also feed on plank- 

ton, but supplement their diet with larger prey, including 

fishes, worms, and other jellies. 

In Aurelia, four horseshoe-shaped gonads lie in the oral wall 

of the stomach, one in each gastric pouch (Fig. 7-46C, 7-47A). 

When mature, the gametes usually rupture into the pouch cav- 

ity, where fertilization occurs, and zygotes exit through the 

mouth. The zygotes become lodged in brood pits on the oral 

arms. Eventually, planula larvae are released from these pits 
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FIGURE 7-49 Scyphozoa: life cycle (Aurelia: Semaeostomeae). 

(Fig. 7-49). In Cyanea, the eggs are fertilized in the gonad and 

released at the gastrula stage. The planula larva settles and 

attaches after a brief planktonic existence, then metamor- 

phoses into a funnel-shaped scyphistoma complete with septa 

and septal funnels. These scyphistomae live for several years, 

bud other scyphistomae from the column or stolons, and 

may go through several seasonal rounds of strobilation. 

Semaeostomes produce medusae by strobilation, as described 

above for Scyphozoa (Fig. 7-49). Strobilation is polydisc in 

species of Aurelia, Chrysaora, and Phacellophora. The open-ocean 

species Pelagia noctiluca lacks a polyp stage; its planula meta- 

morphoses directly into a medusa. 

Rhizostomeae0: 80 species, the most diverse scyphozoan 

taxon, includes Cassiopeia xamachana (upside-downjelly), Sto- 

molophus meleagns (cannonball jelly, cabbage-head, jellyball), 

Rhizostoma octopus (cauliflower jelly). Collectively known as 

“root-mouth jellies” because rootlike manubrium develops 

from branched or fused oral arms (Fig. 7-50); numerous 

additional manubrial outgrowths greatly increase surface 

area; complex coelenteric canal network in manubrium and 

its surface projections, as well as in mesoglea surrounding 

stomach; in many, original mouth closes and terminal 

ends of manubrial coelenteric canals break through as sec- 

ondary mouths; like a colony of feeding zooids, the multiple 

manubrial mouths and huge surface area loaded with nema- 

tocytes and mucus-secreting cells allows rhizostomes to trap 

plankton from their own water jet, thus coupling feeding 

with locomotion; Cassiopeia (Fig. 7-50B) and Mastigias with 

manubrial zooxanthellae occur in shallow, protected, sun- 

drenched tropical lagoons; Cassiopeia normally lies upside 

down on bottom, pulsating slowly while exposing its eight 

branched but unfused oral arms to sunlight; a few rhi- 

zostomes with fused oral arms feed on fish, apparently by 

reducing them to a slurry on the manubrial surface 

before ingesting the fragments with secondary mouths. Like 

semaeostomes, septa absent, but gastric filaments and sub- 

genital funnels associated with four gonads in stomach wall; 

marginal tentacles absent; sexual reproduction, larval devel- 

opment, settlement, and metamorphosis all similar to those 

of semaeostomes; scyphistomae, as strobilas, undergo poly- 

disc or monodisc (Cassiopeia) strobilation. 

Cubomedusae0: Box jellies: distinctive cubic bell, colorless 

transparent body, and highly venomous nematocysts; 

admired for their beauty and feared for their stings (Fig. 

7-51); 15 species inhabit tropical and warm-temperate seas; 

strong swimmers, feed primarily on fish; Chironex fleckeri: 

notorious sea wasp (Australia’s Great Barrier Reef) with bell 

diameter up to 30 cm and 2 m-long tentacles, one of world’s 

most venomous animals; on average, two bathers die per 

year, usually in minutes, from sea-wasp stings; nematocyst 

venom causes excruciating pain, toxic to nerve, muscle, and 
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FIGURE 7-50 Scyphozoan diversity: Rhizostomeae. A, The cannonball jelly — also known as a cabbage-head 
jelly or jellyball-— Stomolophus meleagris, from South Carolina. This species trails sticky mucous strings from its 
short, stiff manubrium. Plankton in the water jet are trapped on the mucus and ingested by the jelly. B, Oral 
(subumbrellar) view of the upside-down jelly, Cassiopeia xamachana, from Florida. The highly branched oral 
appendages house zooxanthellae.fA, Redrawn after Mayer, 1910.) 

heart; Chiropsalmus quadrumanus: common box jelly of 

southeastern United States; few centimeters in size (Fig. 

7-51 A), responsible for at least one known human fatality. 

Medusa has long, slender, hollow tentacles on outgrowths 

(pedalia) of four bell corners (Fig. 7-51A, 7-52A); pendant, 

prehensile, four-square manubrium (Fig. 7-52A); shelflike 

outfold of subumbrellar margin, the velarium, restricts bell 

aperture, creates powerful water jet with each bell pulsation 

(Fig. 7-52A); each flat outer side of bell bears single rhopal- 

ium set in a pocket; often are two highly developed 

rhopalial ocelli that resemble vertebrate image-forming 

eyes, one eye directed upward, other inward toward 

manubrium (Fig. 7-52B); coelenteron partitioned by four 

low, broad septa, which contain septal funnels, bear gastric 

filaments aborally, and produce the eight gonads, two per 

septum. Gonochoric medusae spawn gametes; fertilization 

external; zygotes become planula larvae that settle and 

metamorphose into tiny solitary polyps, usually 1 mm long 

and 0.5 mm in diameter, that have knobbed (capitate) ten- 

tacles; minute polyps lack septa and septal funnels; in one 

species, base of polyp enclosed in chitinous periderm (Fig. 

7-53); each polyp can bud secondary polyps that creep over 

substratum, eventually attach; single medusa differentiates 

from the oral end of a polyp, process resembles monodisc 

strobilation; juvenile medusa detaches from the stalklike 

pedal end of polyp column, which persists as a vestige, later 

degenerates (Fig. 7-53). 

Coronatae0: 35 species; mostly deepwater, few in shallow 

tropical seas; Linuche unguiculata (thimble jelly): common, 

in shallow water, zooxanthellate; Periphylla periphylla (Fig. 

7-54): widely distributed in deep water. Most bell diameters 

less than 5 cm, but largest reach 20 cm; distinctive feature 

is circumferential constriction, the coronal groove, around 

middle of exumbrella; below coronal groove, bell is radi- 

ally creased and lobed, each lobe (pedalium) bearing 

a solid, nonretractile tentacle; coronal groove and creases 

provide flexion zones on an otherwise stiff bell; below ped- 

alia and tentacles, on bell margin are four or eight 

rhopalia, depending on species, in niches between lappets 

(Fig. 7-54); large mouth on short, four-sided manubrium; 

four well-developed septa bearing funnels, gastric fila- 

ments, and eight gonads divide coelenteron into four 

gastric pockets. Many coronates feed with outstretched 

tentacles directed aborally; when prey is contacted, tenta- 

cles flex stiffly oralward, pushing food into mouth. Adult 

medusae free-spawn gametes; planula larvae settle and 

metamorphose into slender polyps resembling heraldic 

trumpets; solitary or colonial polyp secretes annulated 

chitinous tube enclosing all but oral disc and tentacles 

(Fig. 7-44B); polyps have four septa, lack septal funnels, 

undergo polydisc strobilation. 

Stauromedusae0: (STORE-oh-meh-doo-see); 25 species; 

sessile, attached, resemble sundew plants; often called 

“stalked jellies” because medusoid body attaches to sub- 

stratum by an aboral stalk; anatomy and development 

indicate adult is an overgrown polyp whose oral end is 

partially differentiated into a medusa; a stauromedusan 

can be viewed as a large, sexually mature, monodisc stro- 

bila with its ephyra still attached (Fig. 7-55); “exumbrellar 

stalk” actually a column and “basal adhesive plate” is a 



Medusozoa 155 

C 

FIGURE 7-51 Scyphozoan diversity: Cubomedusae. A, Photograph of a living box jelly, Chiropsalmus 
quadrumanus. Note long tentacles borne on fleshy pedalia. B, Warning to swimmers on a beach in Queensland, 
Australia. "Stingers" are the highly venomous sea wasp, Chironex fleckeri. C, The result of a minor sting from the 
sea wasp, Chironex fleckeri. The skin lesions are five days old. 

pedal disc; expanded oral end broad, up to 8.5 cm diame- 

ter, with weakly developed coronal muscle, a medusoid 

trait, but which probably functions to flex tentacle- 

bearing lobes (lappets) toward mouth during feeding and 

does not produce swimming pulsations; attaches by pedal 

disc to sea grasses, algae, or rocks in temperate coastal 

areas; species associated with algae or plants typically 

greenish brown; Hciliclystus, Lucernaria, Thaumatoscyphus 

are common taxa. A four-sided mouth and manubrium in 

center of oral disc, margin of which is drawn out into 

eight armlike lappets, each with a cluster of short, stiffly 

radiating, knobbed, capitate tentacles (Fig. 7-55B); termi- 

nal knob of each slender tentacle bears nematocyst bat- 

tery; using lappets and tentacles, Haliclystus feeds on 

amphipod crustaceans; between the lappet bases on oral- 

disc margin are eight suckerlike adhesive organs (Fig. 

7-55B) used for temporary attachment and somersaulting 

locomotion; adhesive organs (rhopalioids) may be homol- 

ogous with rhopalia as both are modified tentacle bases 

(bulbs); internally, four septa extend between oral and 

Ph
ot

o 
co

ur
te

sy
 o

f J
. 

H.
 B

ar
ne

s.
 I

n 
R

ee
s,
 W

. J
. (

Ed
.):
 1

96
6.

 T
he

 C
ni

da
ria

 a
nd

 T
he

ir 
Ev

ol
ut

io
n.

 Z
oo

lo
gi

ca
l 

So
ci

et
y 

of
 L

on
do

n.
 



156 Chapter 7 CnidariaF 

Gonad 

Gastric filaments 

Stomach 

Manubrium 

Rhopalium 

Eyes 

B 

FIGURE 7-52 Scyphozoan diversity: Cubomedusae. Anatomy of a box jelly. A, Cutaway view of adult medusa. 
B, Close-up of a rhopalium in its niche. One eye looks inward, the other upward. (A, Modified and redrawn after Conant 

from Hyman, L. H. 1940. The Invertebrates. Vol 1. Protozoa through Ctenophora. McGraw-Hill Book Co., New York, 726pp.) 

pedal discs and partition coelenteron into four gastric 

pockets (Fig. 7-46B); septum bears septal funnel, longitu- 

dinal muscle, gastric filaments, and two gonadal bands, 

one on each side of septum; the eight gonadal bands 

restricted to oral (medusa) end of body; gonochoric 

adults spawn gametes; each zygote develops into a 

lecithotrophic, nonswimming planula that creeps on sub- 

stratum; some planulae bud additional larvae; planula 

attaches to surface and metamorphoses into tiny polyp 

with four knobbed tentacles and slightly expanded oral 

disc; further growth and differentiation establishes adult 

form. 

Phylogeny of Scyphozoa 
The scyphozoan phylogeny shown in Figure 7-56 is consistent 

with most traditional and modern phylogenetic trees, except 

for the inclusion of Cubomedusae in Scyphozoa. Most con- 

temporary accounts consider Cubomedusae (as Cubozoa) to 

be the sister taxon of Scyphozoa (or Hydrozoa) and cite the 

cubic body form and mode of medusa formation as unique to 

them. Cubomedusae are reported to arise by a metamorphosis 

of the entire polyp and not by strobilation. But most, if not all, 

cubomedusan species form medusae by transformation of the 

oral end of the polyp only and a remnant of the pedal end 

remains. This mode of medusa formation seems to be a vari- 

ation on monodisc strobilation, which is an autapomorphy 

of Scyphozoa. Aspects of cubomedusan anatomy, however, 

remain open to various interpretations in the absence of new 

research facts. 

PHYLOGENETIC HIERARCHY OF SCYPHOZOA 

Scyphozoa 

Cubomedusae 

N.N. 

Coronatae 

N.N. 

Stauromedusae 

N.N. 

Semaeostomeae 

Rhizostomeae 

HYDROZOAc 

With some 3000 species, the diverse Hydrozoa is made up 

of chiefly colonial medusozoans in which the life cycle may 

include polyps, medusae, or both. Hydrozoans are the only 

cnidarians to form colonies combining both polyp-zooids 

and medusa-zooids. Colonial species include the seaweedlike 

hydroids, the pelagic Portuguese man-of-war, and reef-building 

fire and rose corals. Among the exclusively solitary species are 

a few marine jellies and the freshwater Hydra. Hydrozoa is the 

only taxon of Cnidaria with freshwater species, as Anthozoa 

and Scyphozoa are entirely marine. 

In contrast to those in other cnidarians, hydrozoan nema- 

tocysts are restricted to epidermal structures. The functional 

types of nematocysts are, however, diverse: Of the approxi- 

mately 30 known forms of nematocysts, hydrozoans have 23. 

Some of these, called glutinants, evert sticky threads and are 
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FIGURE 7-53 Scyphozoan diversity: Cubomedusae. Life cycle of the box jelly Tripedalia cystophora. 

The planula (A) metamorphoses into a solitary polyp (B). Later, the oral end of the polyp transforms 

into a medusa (C) and the pedal remnant of the polyp and its periderm degenerate (not shown). 

The scyphistoma also can bud additional polyps. (From Werner,; B. 1973. New investigations on systematics 

and evolution of the class Scyphozoa and the phylum Cnidaria Proc. 2nd Internat. Symp. Cnidaria, Publ. Seto Mar. 

Biol. Lab. 20:35-61.) 

FIGURE 7-54 Scyphozoan diversity: Coronatae. The coronate 

medusa, Periphylla periphylla. (Modified and redrawn after Hyman, 

L. H. 1940. The Invertebrates, vol. 1 Protozoa through Ctenophora. McGraw-Hill 

Book Co., New York. 726pp.; and WrobelD., and Mills, C. E. 1998. Pacific 

Coast Pelagic Invertebrates: A Guide to the Common Gelatinous Animals. Sea 

Challengers, Monterey, CA. 108pp.) 

functionally similar to anthozoan spirocysts, but most, known 

as penetrants, are venomous to a greater or lesser extent. 

Although hydrozoans in general have both polyps and 

medusae, one stage or the other, usually the medusa, is 

reduced or absent in many species. Obviously, when the life 

cycle of a species includes either a polyp only or a medusa 

only, then that form becomes the sexual stage. When a polyp 

and a free-swimming medusa occur in the life cycle of one 

individual, the medusa is sexual and the polyp asexual. In 

many species, however, the polyp appears to be the sexual 

stage, because the medusa, which originates as a bud on the 

polyp, is not always liberated, but remains attached to the 

polyp. While attached, this medusa, or a specialized variant 

of it, effectively becomes the polyp’s gonad. Sometimes these 

attached medusae resemble free-swimming jellies, but in other 

species the medusa traits are detectable but reduced, and 

Hydra lacks any trace of a medusa, except its gonads. The 
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FIGURE 7-55 Scyphozoan diversity: Stauromedusae. A, Left: the stalked jelly Haliclystus auricula attached to 

an alga by its pedal disc; right: a second species, Craterolophus convolulus. Each animal is approximately 2 cm in 

diameter. B, Oral view of a stauromedusan. (B, After Wilson from Buchsbaum and Milne, 1960.) 
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FIGURE 7-56 Phylogeny of Scyphozoa. 1, Scyphozoa: 
funnel-shaped polyp, oral end of polyp transforms into 

medusa (monodisc strobilation), slender basal end (stalk) 

with periderm, medusa with four septa and septa! funnels, 

gastric (septal) filaments, eight gonadal bands on septa, four 

gastric pockets, rhopalia. 2, Cubomedusae: small polyps 

lacking septa, cubic medusa, tentacles on pedalia at four 

corners of bell, four rhopalia, complex rhopalial ocelli, 

velarium, highly venomous nematocysts. 3, N.N.: polyps with 

four septa, medusa with octoradial lappets and rhopalia. 4, 

Coronatae: polyps trumpet-shaped without septal funnels, 

all but oral disc and tentacles enclosed by periderm, medusa 

with coronal groove (some 200 species of Conulata, extinct 

since the Triassic, had a peridermal tube similar to coronate 

polyps and may have been scyphozoans, Fig. 7-44A). 

5, N.N.: polyps with septa and septal funnels. 

6, Stauromedusae: rhopalia are specialized marginal adhesive 

organs, adult polyp and medusa (sexually mature strobila). 

7, N.N.: septa of polyps do not reach pedal disc, septa absent 

in medusae and stomach pouches (not gastric pockets) 

occupy original site of septa, four gonads in walls of 

pouches, septal funnels transformed into subgenital 

funnels, coelenteric network in mesoglea, branched 

manubrium, tentacles arise directly from margin of bell. 

8, Semaeostomeae: four oral arms. 9, Rhizostomeae: 

branched oral arms more or less fused with secondary 

mouths, marginal tentacles absent. 
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nearly limitless variations on this theme among hydrozoans 

are evident in diverse life cycles that are challenging to master 

for beginners and experts alike. 

Hydrozoan polyps, medusae, and colonies seem to fall into 

one of two contrasting designs, perhaps reflecting a deep evo- 

lutionary division within the taxon. Thus, medusae are either 

tall and bullet-shaped or squat and saucerlike; polyps are 

covered either partly or completely by periderm. Although 

these contrasting designs occur throughout Hydrozoa, they 

are best illustrated in reference to two hydrozoan taxa called 

Anthoathecatae and Leptothecatae. In the following overview 

of hydrozoan anatomy, these differing designs will be desig- 

nated as A-form and L-form and summarized in Table 7-1. 

Later, in the diversity and phylogeny sections, this fundamen- 

tal division will be described in an Evolutionary context. 

Polyps 
As a general rule, hydrozoans have tiny polyp zooids, often not 

more than 1 mm in height and a fraction of a millimeter in 

diameter. Because of their small size, hydropolyps have a large 

surface zfrea and a small volume, especially when compared 

with anthozoan polyps. Perhaps for this reason, hydropolyps 

lack gastrodermal septa and the nematocyte-bearing septal (or 

gastric) filaments that accompany them in anthozoans and 

scyphozoans (Fig. 7-76G,H). 

The solitary Hydra is a conventional polyp with a mouth, 

manubrium, tentacles, column, and pedal disc (Fig. 7-57). 

In contrast, most other hydropolyps are members of a 

colony and have a modified form that resembles a flower 

and its stem. The slender column is usually called a pedicel 

(or stem or stalk), while the “flower” is known as the 

hydranth (= water flower) (Fig. 7-60). Each hydranth has 

a well-developed manubrium (or hypostome), which may be 

fingerlike, conical, bulbous, or low and rounded (Fig. 7-58). 

The swollen manubrium of many species, or a short region 

FIGURE 7-57 Hydrozoa: polyp anatomy (Hydra). (Redrawn from 

Hyman, L. H. 1940. The Invertebrates: Protozoa through Ctenophora. Vol. 1. 

McGraw-Hill Book Co., New York.) 

immediately below it, houses the stomach (Fig. 7-58C-E). 

Surrounding the base of the manubrium is a whorl of solid 

tentacles (hollow in Hydra) (Fig. 7-58D,E); sometimes a sec- 

ond (distal) whorl encircles the mouth rim at the tip of the 

manubrium (Fig. 7-58A), and in other species, such as Halo- 

cordyle (also known as Pennaria), tentacles may be scattered 

over the entire surface of the manubrium (Fig. 7-58C). Ten- 

tacles may be either capitate, usually short and ending in 

a knob (Fig. 7-58B,C), or filiform, long and threadlike (Fig. 

7-58D). The mouth, manubrium, tentacles, and stomach 

together constitute the hydranth. 

Medusae 
Flydrozoan medusae arise as lateral buds from the hydranth 

or from other parts of the colony. When on hydranths, they 

never originate by transformation and transverse fission of the 

oral end of the polyp (except perhaps in the Trachylina), as 

they do in strobilating scyphopolyps. Even as full-grown adults, 

most hydromedusae are small, in the size range of 1 mm to 

2 or 3 cm, although a few species, such as Aequorea aequorea, 

achieve a bell diameter of 20 cm and Rhacostoma up to 50 cm. 

A-form bells are deeply arched and tulip-shaped (Antho- = 

flower) whereas the bodies of L-form medusae are shallow and 

saucerlike (Lepto- = thin). Below the bell, on the subumbrel- 

lar margin, is an iris diaphragm called the velum that creates 

a powerful water jet as the jelly swims (Fig. 7-59). It is function- 

ally identical to the cubomedusan velarium, but differs from 

it anatomically. Both are shelflike outfolds of epidermis and 

mesoglea, but the gastrodermal canals in the cubomedusan 

velarium are absent in the hydrozoan velum. A cross-striated 

ring muscle occurs in the velum and on the subumbrellar sur- 

face (coronal muscle). The nerve-ring neurons that innervate 

these muscles transmit action potentials across gap junctions 

rather than chemical synapses. Gap junctions avoid the time 

delays associated with signal transmission across synapses and 

result in a simultaneous contraction of fibers in the coronal 

and velar muscles (see Chapter 6). 

A tubular or four-square manubrium, long to short, hangs 

below the center of the bell (Fig. 7-59). From the mouth, the 

manubrial canal dilates slightly to form a stomach from which 

four equidistant radial canals extend to the margin of the bell 

(Fig. 7-59). In some species, more than four radial canals are 

present, and the large-bodied Aequorea has many. The radial 

canals join a marginal ring canal (Fig. 7-59C), which generally 

supplies each of the hollow tentacles. The circulatory flows in 

the canals may be ciliary or muscular in origin (Fig. 7-12A,B). 

Hydromedusae usually have four tentacles, one at the end 

of each radial canal, but the tentacle number ranges from zero 

to many, depending on species. Statocysts or ocelli, but usually 

not both in one species, occur on the margin of the bell. Stato- 

cysts are usually found between the bases of the tentacles of 

L-form medusae (Fig. 7-6C); ocelli occur in the tentacle bases 

of A-form bells. In contrast to Anthozoa and Scyphozoa, the 

mesoglea of hydromedusae (and hydropolyps) is acellular and 

free of ameboid and other cells. 

Hydrozoan germ cells originate from endodermal I-cells. The 

germ cells may then remain in the gastrodermis or migrate into 

the epidermis and aggregate to form gonads. Thus hydrozoans 

have either gastrodermal or epidermal gonads, depending on 



160 Chapter 7 Cnidariap 

FIGURE 7-58 Hydrozoa: living polyps (hydroids). A-C, Athecate (A-form) hydranths. A, Tubularia crocea. 

B, Unidentified athecate hydranth with capitate tentacles. Cf Halocordyle (Pennaria) disticha. D-E, Thecate 

(L-form) hydranths. D, Thyroscyphus ramosus (the theca is the dark, fuzzy cup). E, Obelia dichotoma 

(transparent wineglass-shaped theca). 

species. As a general rule, the gonads of A-form medusae are 

found on the manubrium while those of L-forms occur on the 

underside of the radial canals (Fig. 7-59A,C). Regardless of 

gonadal position, gametes are spawned direcdy to the exterior. 

In species with gastrodermal gonads, the developing gametes 

bulge into the epidermis, eventually rupturing it. 

Colonies 
Most species of hydrozoans with a polyp stage in the life cycle 

are colonial, and these colonies often include both polyp- 

zooids and medusa-zooids. Sessile benthic colonies are called 

hydroids, and most pelagic colonies are siphonophores. 

Hydroids resemble seaweeds and grow rapidly and profusely 

on rocks, pilings, seawalls, docks, shells, and boat hulls, thus 

constituting an important component of the so-called fouling 

community. 

Hydrozoan colonies may be stolonate, coenosarcal, or frud- 

cose (Fig. 7-3). In stolonate colonies, each zooid arises direcdy 

from a stolon (hydrorhiza), which is often part of a stolonal net- 

work (Fig. 7-60A). Some stolonate taxa, such as fire corals 

(Millepora spp.), secrete a massive, calcareous exoskeleton 

(corallum) around their stolonal networks and retracted zooids 

(Fig. 7-66) and contribute to the growth of coral reefs. The 

zooids of coenosarcal colonies, such as Hydractinia (Fig. 7-61), 

are borne singly on the surface of the coenosarc and joined 

inside by solenia. In Hydractinia, the coenosarc originates devel- 

opmental^ from coalesced stolons of a stolonal network (Fig. 

7-61C). Fruticose colonies are composed of single or branched 

stems (hydrocauli), each bearing multiple zooids (Fig. 7-62, 

7-63). In the benthic hydroids, the stems are borne on prostrate 

stolons attached to the substratum whereas in the pelagic 

siphonophores, the stem constitutes the major (locomotory) 

body axis. Stem composition, however, differs in A-form and 
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FIGURE 7-59 Hydrozoa: medusa anatomy. A, Oral view of Vallentinia gabriella (Limnomedusae) showing 
four-square manubrium, numerous marginal tentacles, four gonads, one on each radial canal. B, Photograph of 
Gonionemus vertens (Limnomedusae). C, Anatomy of Gonionemus. (C, Redrawn from Meyer.) 

L-form hydrozoans. The stem of an A-form colony, such as the 

hydroids Halocordyle or Eudendrium or siphonophores, is an axial 

polyp that elongates more or less indefinitely and, with growth, 

buds a succession of new zooids laterally (Fig. 7-3D, 7-62, 7-69). 

The stem of an L-form colony, which grows by fixed-length bud- 

ding, is composed of a series of segmentlike sections, each a 

component zooid (Fig. 7-3C, 7-60C, 7-63). 

Periderm may either embrace the hydranth up to the tenta- 

cle bases to form the wineglass-shaped theca characteristic of 

L-forms (hydrotheca; Fig. 7-58E, 7-60, 7-63) or end at the point 

of attachment of the hydranth to its pedicel, as is typical of 

A-forms (Fig. 7-58A-D, 7-62). Hydroids with a theca are said 

to be thecate (L-forms); those without, athecate (A-forms). 

Thecate hydroids can withdraw their hydranths into the theca 

for protection (Fig. 7-63). This withdrawal involves a longitudi- 

nal shortening of the hydranth body and withdrawal of tentacles 

over the oral end of the polyp. In some thecate hydroids, such as 

species of Sertularia, the theca has a hinged lid (operculum) that 

seals the thecal opening as the hydranth retracts within. 

Hydrozoan colonies may be monomorphic or polymorphic. 

A monomorphic colony, such as Halocordyle, consists only of gas- 

trozooids, the typical feeding hydranths described earlier (Fig. 

7-58C). Monomorphic colonies release free-swimming medusae 

that originate from medusa buds (Fig. 7-58C, 7-62). Polymor- 

phic colonies have gastrozooids and at least one other form of 

permanendy attached zooid, either a modified hydranth, a mod- 

ified medusa, or both. A widespread medusa zooid is the 

gonophore (Fig. 7-58A, 7-62). Gonophores are incompletely dif- 

ferentiated medusae that produce gonads, but lack some or 

most other medusan traits. Although medusa buds and 

gonophores both originate as buds, sometimes on gastrozooids 

or other parts of the colony, they are often borne only on spe- 

cialized gastrozooids called gonozooids. Gonozooids differ from 

typical gastrozooids in having more or less reduced tentacles, 

mouth, and manubrium (Fig. 7-61B, 7-62, 7-63). When all of 

these are absent, the fingerlike gonozooid with its lateral 

medusa buds is called a blastostyle (Fig. 7-62, 7-63). In L-forms 

(Obelia, Orthopyxis), the blastostyle is enclosed in a theca 

(gonotheca) and the entire structure is known as a gonangium 

(Fig. 7-60, 7-63, 7-64A). Highly polymorphic colonies not only 

have gastrozooids and gonophore-bearing gonozooids, but also 

protective or food-catching polyps called dactylozooids that lack 

mouth and tentacles, but have batteries of nematocytes and may 

be strongly retractile. If used in feeding, dactylozooids seize prey 

with discharged nematocysts, then transfer it to the mouth of a 

gastrozooid. The dactylozooids of A-forms such as Hydractinia 

are long and slender (Fig. 7-61B) whereas those of L-forms are 

shorter and are called nematophores (Fig. 7-60C). Other special- 

ized zooids, especially those of siphonophores, will be discussed 

under Diversity of Hydrozoa. 
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FIGURE 7-60 Hydrozoa: L-form colonies of hydroids. A, Stolonate species of Orthopyxis (Leptothecatae). 
B, Fruticose colony of a species of Aglaophenia, which grows by fixed-length budding (Leptothecatae). 
C, Aglaophenia: close-up of thr ee gastrozooids each associated with a pair of nematophores. (A, Redrawn 
from Hyman, L. H. 1940. The Invertebrates. Protozoa through Ctenophora. Vol. 1. McGraw-Hill Book Co., Neiu York.) 

Obelia is an example of a hydroid that produces free 

medusae from medusa buds (Fig. 7-64A). Once released, the 

medusae grow, attain sexual maturity, and spawn their 

gametes. The planktonic zygotes develop into planula larvae, 

settle, and metamorphose into primary polyps that bud to 

form the colony. Species of hydroids with gonophores (sessile 

medusae) may free-spawn gametes, but often the eggs are 

retained and fertilized internally. After a period of embryonic 

development, a planula is released (as in Eudendrium) that, 

after a brief planktonic existence, settles and metamorphoses 

into a polyp. In other cases, for example in Tubularia, even 

the planula is sessile and develops into an actinula before 

escaping from the gonophore (Fig. 7-64B). The actinula, 

which may be creeping or planktonic, is short along the oral- 

aboral axis and has a whorl of four or more slender tentacles 

as well as a manubrium and a mouth. The squat body is a 

medusa trait, but in other respects the actinula is similar to 

a polyp. In fact, the dualistic actinula can differentiate 

directly into either polyp or medusa, depending on species. 

In the hydroid Tubularia, the benthic actinula transforms into 

a polyp (Fig. 7-64B), but in Aglaura hemistoma and Liriope tetra- 

phylla (Trachylina), species that lack a polyp in their life 

cycles, the planktonic actinula transforms directly into a juve- 

nile medusa (Fig. 7-65C). 

Clonal (asexual) reproduction, by budding, is common 

among solitary A-form polyps such as Hydra (Fig. 7-57, 

7-65B) and several free-swimming A-form medusae (Fig. 

7-13C). The L-form jelly Aequorea can reproduce asexually by 

Fission. 

Diversity of Hydrozoa 
We divide Hydrozoa into five major taxa, but several other 

schemes are commonly used in traditional classifications. The 

A-form taxa (Table 7-1) are represented by the Anthoathe- 

catae and Siphonophora, and the L-form taxa by Leptothe- 

catae, Limnomedusae, and Trachylina. 

The general discussion of Hydrozoa in the preceding 

sections was based largely on characteristics of two taxa of 

hydroids, Anthoathecatae and Leptothecatae. Their diversity 

of approximately 2600 species approaches that of the 

stony corals of tropical seas. The 150 species of colonial 

siphonophores (Siphonophora) are important members of 

the pelagic realm, along with solitary hydromedusae (with 

about 825 species of Anthoathecatae, Leptothecatae, and 

Trachylina). A few hydrozoans, such as fire and rose corals, 

contribute to coral reefs, but that environment is dominated 

by colonial anthozoans. 

A-FORMS 
Athecate polyps, budding from axial polyps, tall medusae with 

ocelli and manubrial gonads. 

Anthoathecatae0 (Anthomedusae, Athecata): Mostly 

colonial A-form hydroids (Table 7-1; Fig. 7-62); divided into 

two groups: Capitata and Filifera, based on structure of 

tentacles. 

Capitatas0: Polyp tentacles capitate, or terminate in 

knoblike swellings, with high nematocyte concentration; 
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FIGURE 7-61 Hydrozoa: colonies of Hydractinia (A-form). Zooids arise singly from a coenosarc. A, Living 

colony of H. symbioiongicarpus on the sheli of the hermit crab, Pagurus longicarpus. B, Polymorphic zooids 

of Hydractinia, C, Overview of a young colony of H. echinata. In the central region, the stolonal network is 

fusing into a coenosarc. As the coenosarc expands, the gastrodermal tubes of the stolons are incorporated 

into the coenosarc as solenia. (B, From Hyman, L. H. 1940. The Invertebrates Protozoa through Ctenophora. Vol. 1. 

McGraw-Hill Book Co., New York.) 

some species with capitate tentacles only in juveniles, later 

replaced by filiform tentacles. Halocordyle (Fig. 7-58C): 

feather-like; Tubularia (Fig. 7-58A), Ectopleura, and Cory- 

morpha: large axial polyps borne on long pedicels, 

pedicels of Tubularia and Ectopleura may attain 20 cm 

length and attach to hard substrates, but Corymorpha and 

similar deep-sea Branchiocerianthus anchor in soft sedi- 

ments with rootlike outgrowths; pedicels of Branchioceri- 

anthus imperator (5000 m depth off Japanese coast) reach 

2.5 m length, 5 cm or more diameter; thick pedicels of 

such large polyps have either gastrodermal septa (Tubu- 

laria; Fig. 7-761) or solenia-like gastrodermal tubes (Cory- 

morpha, Branchiocerianthus; Fig. 7-4D), both size-related 

increases in area for uptake and distribution of gases and 

nutrients; Tubularia polyps have gonophore-bearing blas- 

tostyles on manubrium that release creeping actinula 

larvae (Fig. 7-58A, 7-64B); similarly positioned medusa 

buds of Ectopleura liberate medusae. 
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FIGURE 7-62 Hydrozoa: anatomy of athecate hydroids 
and their medusae (Anthoathecatae and other A-form 
hydrozoans). (Modified and redrawn from Delage, Y., and 

Herouard, E. 1901. Traite de Zoologie Concrete. Vol. 2. Les 

Coelenteres. Schleicher Freres, Paris. 848 pp. 
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FIGURE 7-63 Hydrozoa: anatomy of thecate hydroids 
and their medusae (Leptothecatae and other L-form 
hydrozoans). (Modified and redrawn from Delage, Y., and 

Herouard, E. 1901. Traite de Zoologie Concrete. Vol. 2. Les 

Coelenteres. Schleicher Freres, Paris. 848 pp. 
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FIGURE 7-64 Hydrozoa: life cycles. A, Obelia (Leptothecatae): life cycle includes polyp, free-swimming 
medusa, and planula. B, Tubularia (Anthoathecatae): zygote through planula stages are retained in gonophore; 
actinula released, which metamorphoses into a polyp. (A and B, After Allman from Bayer, F., and Owre, H. B. 1968. 

The Free-Living Lower Invertebrates. Macmillan, New York. 229 pp.) 
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FIGURE 7-65 Hydrozoa: life cycles. A, The freshwater Craspedacusta 
(Limnomedusae; life cycle of the marine Gonionemus is similar): polyp 
solitary, lacks periderm, and has short tentacles. B, Freshwater species 
of Hydra (Anthoathecatae): medusa and planula stages absent. C, The 
open-ocean Aglaura (Trachymedusae): polyp absent; medusa develops 
directly from actinula. (From Bayer, F., and Owre, H. B. 1968. The Free- 
Living Lower Invertebrates. Macmillan, New York. 229 pp.) 

Hydra (freshwater), Protohydra, Psammohydra (marine): 

slender tentacles (Fig. 7-57); lack periderm, medusa, and 

planula; zygotes develop directly into polyps (Fig. 7-65B); 

polyps solitary (except while budding), move by creeping or 

somersaulting (Fig. 7-5B); Hydra can secrete and hold gas 

bubble on pedal disc, float to surface, and drift; some Hydra 

species, such as H. (formerly Chlorohydra) viridissima, harbor 

zoochlorellae; oddly, no permanent mouth in hydras: in 

nonfeeding animals, opposing lips are sealed together with 

septate junctions until the lips are torn apart by muscle con- 

traction; sealing the mouth with impermeable junctions 

may isolate coelenteron from freshwater environment and 

allow its more effective use in digestion and, especially, 

osmoregulation; most Hydra species gonochoric, sexual 

reproduction chiefly in autumn; germ cells aggregate in col- 

umn epidermis as ovaries or testes (Fig. 7-65B); one 1-cell 

becomes single egg in each ovary, which other I-cells sur- 

round and provide nutrition for; as egg enlarges, a rupture 

in overlying epidermis exposes but does not release egg; 

testis a conical swelling with nipplelike pore through which 

sperm escape; spawned sperm penetrate exposed egg 

surface, fertilizing egg in situ; zygote undergoes cleavage, 

simultaneously is covered by chitinous shell; when shell for- 

mation complete, shelled embryo drops off parent and dia- 

pauses through winter; with advent of spring, shell softens 

and young polyp emerges; because each individual may 

bear several ovaries, many eggs can be produced each 

season. 

Fire corals, Millepora alcicornis (tropical Atlantic and 

eight Indo-Pacific species): zooxanthellate; reef-builders; 

secrete massive, brittle, calcareous skeleton around 

stolonal network (apparently not solenia; Fig. 7-66); 

colony growth form depends chiefly on shape of colo- 

nized substratum; in Caribbean, Millepora colonizes bare 

axial rods of dead gorgonians, often overgrowing adja- 

cent living tissue, and adopts gorgonian’s fruticose form; 

trimorphic zooids arise from stolonal network in the 

skeleton and emerge from tiny cups called pores on sur- 

face of corallum (Fig. 7-66A,B,D); large pores (gastro- 

pores) occupied by gastrozooids, each a short polyp 

bearing four capitate tentacles; more numerous small 

pores (dactylopores) house long, threadlike dactylo- 

zooids with scattered short, capitate tentacles; extended 

dactylozooids form dense surface fringe (Fig. 7-66C); 

skin contact with dactvlozooids results in a severe sting 

that burns like fire; third type of pore, the ampulla, con- 

tains a medusa bud that releases tiny, less than 1 mm, 

free-swimming medusae; after medusa release, ampullae 

are filled in by skeleton deposition. 

Velella velella (by-the-wind sailor; Fig. 7-67A) and Porpita 

porpita (blue button; Fig. 7-67B): zooxanthellate, intensely 

blue, raftlike, float at surface of warm seas worldwide; 

highly modified, upside-down, Tubularia- or Corymorpha-Wke 

gastrozooid (axial polyp) bearing gonozooids (thus a 

colony); body consists of upper float, middle central mass 

(coenosarc), and undersurface with zooids suspended 

mouth down; discoid float of concentric, chitin-lined, air- 

filled chambers for buoyancy; develops as pedal inpocket of 

axial-polyp; float opens to air at small pores on upper sur- 

face; blind-ending tracheae extend from air chambers into 

central mass; undersurface with large central tentacle-free 

gastrozooid, marginal tentacles, and gonozooids bearing 

medusa buds between the gastrozooid and tentacles; zooids 
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TABLE 7-1 Characteristics of A-Form and L-Form Hydrozoans A 
Polyp Medusa Colony 

A-Forms Athecate Tall Ocelli Manubrial Gonad Axial-Polyp Budding Dactylozooid 

Anthoathecatae X X X X X X 

Siphonophora X X — X X X 

Polyp Medusa Colony 

Short, Radial-Canal Fixed-Length 
L-Forms Thecate Flat Statocysts Gonad Budding Nematophore 

Leptothecatae X X X X X X 

Limnomedusae Reduced polyp X X X — — 

Trachylina * X X X (or stomach 

wall if radial 

canals absent) 

V 

integoined by solenia in central mass and periphery of 

float; medusa buds release thimble-shaped, free-swimming, 

zooxantheilate medusae with manubrial gonads, two capi- 

tate tentacles. Velella (Fig. 7-67A): parallelogram body 

shape, triangular sail at angle to long axis of float; in large 

oceanic population, sails of one-half of individuals angled 

right, those of other half angled left; in sustained wind, 

contrasting sail orientations disperse animals in opposite 

directions, assuring that, if close to shore, only half the pop- 

ulation will be stranded; Porpita (Fig. 7-67B): body a perfect 

circle, lacks sail. The taxonomic separation of these species 

from Siphonophora is problematic and open to future 

research. 

A few of the capitate hydroids are better known for 

their (solitary) medusae than their polyps. Among these 

are Sarsia (Coryne): four long tentacles and equally long 

prehensile manubrium; Polyorchis: with many tentacles and 

long, gonad-bearing, manubrium-like peduncle (see Tra- 

chymedusae); Cladonema: algae-dwelling jelly with 

branched capitate tentacles, some modified for adhesion. 

Fi I if eras°: Filiform tentacles lacking terminal knobs: 

Bougainvillea, Clava, Eudendrium (Fig. 7-58D), Turritopsis. 

Snail fur, Hydractinia spp. (El. symbiolongicarpus in United 

States; Fig. 7-61): common commensals on hermit-crab 

shells, but grow elsewhere on hard substrates; polymorphic 

polyps grow singly on coenosarc that covers shell or other 

surface; solenia interconnect zooids; chitinous periderm, 

secreted by lower epidermis, provides adhesion to substra- 

tum; below coenosarc, extra periderm secretion produces 

spines, which poke up between polyps (Fig. 7-61); Hydrac- 

tinia feeds with gastrozooids, produces gametes on male 

and female gonozooids; dactylozooids, called spiral zooids, 

restricted to colony margin above shell aperture from 

which hermit crab emerges; spiral zooids reported to 

snatch hermit-crab eggs from crab’s brood sponge and 

transfer them to gastrozooids. 

Proboscidactyla (sometimes classified with Limnomedusae): 

best known for colonial polyp stage only on circular tube 

rims of feather-duster worms; simple tubular gastrozooids, 

each with two outstretched tentacles, resemble worshipping 

elves; colonies also include dactylozooids and gonozooids 

that release medusae. 

Rose corals, 150 species, occur at all latitudes and depths, 

most common in tropical Indo-Pacific where zooxantheilate 

species contribute to coral reefs. Like fire corals (Fig. 

7-66B), rose corals secrete limestone exoskeleton around a 

stolonal network; colonies with gastrozooids, dactylozooids, 

gonophores; gonophores release planula larvae. Most are 

species of rose-red Stylaster: each skeletal pore resem- 

bles a stony-coral corallite with radial sclerosepta around 

cup margin (Fig. 7-68); “sclerosepta,” however, are parti- 

tions between adjacent dactylozooids, which encircle central 

gastrozooid to form a cyclosystem; gonophores and ampul- 

lae arise as subsurface buds that bulge from corallum sur- 

face but apparently lack openings; sperm and planula larvae 

apparently released through cyclosystem pores. Distichopora: 

blue or purple colonies. 

Siphonophora0 

Depending on their form, the pelagic siphonophores, with 

their trailing clusters of transparent zooids, resemble strings 

of diamonds or crystal chandeliers cruising through inner 

space. All siphonophores, including the familiar Muggiaea and 

Physalia (Portuguese man-of-war), are colonial, polymorphic, 

A-form hydrozoans. Siphonophores have six kinds of nemato- 

cysts and some of these can be large, numerous, and virulent. 

Of the 150 marine species, the largest exceed 3 m in length, 

and tentacles can be much longer. 

Each siphonophore originates as an inverted axial polyp 

(Fig. 7-69). In all but one taxon (Calycophorida), the pedal 

(anterior) end of the axial polyp is inpocketed to form a 

periderm-lined float, or pneumatophore, which is gas-filled 

and provides buoyancy. The opposite, oral end of the axial 

polyp bears a mouth and sometimes a single tentacle. The colo- 

nial zooids arise as lateral buds from the elongated column 

(stem or siphonosome) of the axial polyp. Buds arise in sets, 

called cormidia, each cormidium consisting usually of a gastro- 

zooid, gonozooid, dactylozooid, and bract (described below), 

but other combinations can occur. As the colony grows, 
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FIGURE 7-66 Hydrozoan diversity: Anthoathecatae, Capitata. The fire coral Millepora alcicornis. A, Calcareous 

skeleton of Millepora showing large gastropores and smaller dactylopores. B, Cutaway view of living Millepora. 

C, Photograph of living Millepora with extended dactylozooids. D, Microscopic view of skeleton showing two 

gastropore-dactylopore systems. (B, Modified and redrawn from de Kruijf H. A. M. 1975. General morphology and 

behavior of gastrozooids and dactylozooids in txvo species of Millepora. Mar. Behav. Physio. 3:181-192. © Gordon and Breach 

Science Publishers, Inc.) 

cormidia are added sequentially, the oldest being situated near- 

est the oral (posterior) end of the axial polyp (Fig. 7-69). 

The polyp-zooids may be gastrozooids, dactylozooids, or 

gonozooids (Fig. 7-69). The long tubular gastrozooids (siphons) 

either lack tentacles or bear a single long, branched tentacle 

packed with nematocysts. Dactylozooids (palpons or tasters) are 

similar to gastrozooids but lack a mouth, and their single tenta- 

cle is unbranched. Gonozooids, often branched, bear either 

medusa buds or gonophores, depending on taxon. In some 

species, however, the thimble-shaped gonophores are fully dif- 

ferentiated bells that bear gonads on the manubrium, as in 

Anthoathecatae. 

The medusa-zooids are the swimming bells (nectophores) 

and gonophores, and sometimes also structures called bracts 
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FIGURE 7-67 Hydrozoa diversity: Anthoathecatae, Capitata. Velella and Porpita. A, Cutaway view of the 

anatomy of the by-the-wind sailor, Velella velella. B, Aboral view of a living blue button, Porpita porpita. The 

white dots in the water around the animal are newly released medusae. (A, Modifed and redrawn from Delage, V., 

and Herouard, E. 1901. Traite de Zoologie Concrete. Vol. 2. Les Coelenteres. Schleicher Freres, Paris. 848 pp.) 

FIGURE 7-68 Hydrozoan diversity: Anthoathecatae, Filifera. The 

rose coral Allopora. (After Moseley from Bayer, F. M., and Owre, H. B. 1968. 

The Free-Fiving Power Invertebrates. Macmillan Co., New York.) 

(Fig. 7-69). The muscular nectophores provide propulsion. 

Depending on species, they may resemble free medusae, but 

often they are shaped like rockets or prisms. Bracts are thick, 

gelatinous overhangs that cover, streamline, and protect other 

zooids. 

FIGURE 7-69 Hydrozoan diversity: Siphonophora. Diagrammatic 

anatomy of a siphonophore (Physonectida). Note that the siphonophore 

is an inverted axial polyp that produces lateral buds. The pneumatoRhore 

is the invaginated, gas-containing, pedal end of the axial polyp. 

(Modified and redrawn from Delage, Y., and Herouard, E. 1901. Traite de 

Zoologie Concrete. Vol. 2. Fes Coelenteres. Schleicher Freres, Paris. 848 pp. 



170 Chapter 7 Cnidaria1' 

The degree of functional specialization and integration of 

zooids along the siphonophore body axis is often so impressive 

that colonies appear and behave as coordinated individuals. 

Despite their pelagic lifestyle and integrated bodies, however, 

siphonophores lack the sensory organs found in other pelagic 

hydrozoans. 

Siphonophores feed on animal plankton, especially crus- 

taceans, and even small fish. Prey capture is on the highly 

retractile tentacles of gastro- and dactylozooids; if on dacty- 

lozooids, then prey is transferred to a gastrozooid for inges- 

tion. Prey too large to be ingested by individual gastrozooids 

is wrapped with nematocyst-bearing tentacles and partially 

digested to smaller fragments. 

Siphonophores are hermaphrodites, the gonozooids of 

each colony bearing both male and female gonophores. Ripe 

gametes, both eggs and sperm, are spawned into the water and 

fertilization is external. The zygote develops into an oval or 

circular planula. 

Siphonophora is divided into three taxa: Cystonectida, 

Physonectida, and Calycophorida. 

Cystonectidas0: Medusa zooids absent, except for gonophores 

and perhaps “jelly polyps” of Physalia, which may be modified 

nectophores. Notorious purple-blue Physalia physalis (Por- 

tuguese man-of-war) cruises surface of warm seas with its sail- 

like float (Fig. 7-70A); most 10 cm length, but up to 30 cm 

and tentacles over 50 m; bloated float (pneumatophore) 

filled with nonnal atomospheric gases plus CO, which can 

account for up to 13% of total; curiously, boadike siphono- 

some of Physalia is oriented horizontally, oral end forward and 

pedal end aft; cormidium arise from underside of siphono- 

some hull and hang down like a keel; each cormidium 

includes tentacle-free gastrozooids, dactylozooids with a long 

or very long tentacle on each one, highly branched gono- 

zooids bearing gonophores, and other zooids (Fig. 7-70B); 

subsurface species of cystonects, which have a long vertical 

siphonosome attached to a pneumatophore, drift vertically in 

currents. 

Physonectidas°: Physonects, such as Nanomia bijuga and 

Physophora hydrostatica, often have long stems (up to 3 m 

in Apolemia uvaria), a pneumatophore, and nectophores 

(Fig. 7-71A); nectophores arise from budding zone imme- 

diately below float while cormidia bud from stem below 

zone of nectophores; each cormidium includes a bract, 

gastrozooid, dactylozooid, and a branched gonozooid 

bearing gonophores; each female gonophore produces 

but one egg. 

Calycophoridas0: Calycophores, such as Muggiaea (Fig. 

7-71B), and Diphyes, lack a pneumatophore and the lead- 

ing end of the colony bears one (in Muggiaea), two (in 

A 

Gonozooid Large dactylozooid 

Tentacle of 
dactylozooid 

Small 
dactylozooid 

Gastrozooid 

Tentacle of 
gastrozooid 

B 

FIGURE 7-70 Hydrozoan diversity: Siphonophora. A, The Portuguese man-of-war, Physalia physalis 

(Cystonectida). The axial polyp is horizontal, corresponding with the locomotory body axis, and gives rise to 

lateral buds that hang below the pneumatophore. B, Cormidium of Physalia. 
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FIGURE 7-71 Hydrozoan diversity: Siphonophora. A, Nanomia cara (Physonectida). Compare with Fig. 7-69. 
B, Muggiaea kochii (Calycophorida). (A, Modified and redrawn from Mackie, G. 0. 1964. Analysis of locomotion in a 

siphonophore colony. Proc. Roy Soc. Lond. (B) 159:366-391.) 

Diphyes), or more rocket-shaped nectophores; with such 

thrusters, Muggiaea and others are strong, acrobatic swim- 

mers; long stem originates in a buoyant, oil-filled pocket 

in the anterior nectophore, then extends beyond it and 

buds a series of cormidia; each cormidium has a helmet- 

like bract that covers a gastrozooid bearing bell-shaped 

gonophores; specialized gonozooids and dactylozooids 

are absent; oldest cormidia, at tail end of stalk, break 

free, adopt an independent existence, and are then 

called eudoxids; only eudoxid gonozooids become sexu- 

ally mature. 

L-FORMS 

Thecate or reduced polyps, colony growth by fixed-length bud- 

ding, medusae short and flat with statocysts; gonads on radial 

canals or stomach wall. 

Leptothecatae0 (Leptomedusae, Thecata): L-form hydroids 

(Table 7-1, Fig. 7-63); represented by Obelia (Fig. 7-58E, 

7-64A), Orthopyxis (Fig. 7-60A), both with smooth-rimmed, 

wineglass-shaped theca; Clytia with tooth-rimmed theca; Agla- 

ophenia, Plumularia, Sertularia form feather-shaped colonies, 

theca usually with operculum. Thecate polyps often tiny, but 
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medusae include largest among Hydrozoa; Mitrocoma: few 

centimeters diameter; Aequarea: up to 20 cm; open-ocean 

Rhacostoma atlanticum: one-half meter. 

Limnomedusae0: Life cycle with both polyp and medusa; 

shallow, cup-shaped medusa is dominant stage; inconspic- 

uous polyp athecate, usually solitary, lacks periderm and 

sometimes tentacles (Fig. 7-65A); polyps bud medusae 

and planula-like frustules that creep over the substratum 

and differentiate into polyps. A typical representative is 

the medusa of Gonionemus vertens: medusa semisessile, 

coastal, marine, associated with eelgrass and algae (Fig. 

7-59C); numerous tentacles bearing rings of nematocyte 

batteries, four gonad-bearing radial canals, numerous 

marginal statocysts between tentacle bases; swollen tenta- 

cle bases house nematocyte battery; adhesive organ situ- 

ated at kink, or elbow, on each tentacle. Craspedacusta: 

common, but sporadic, in freshwater lakes and ponds; 

medusae appear intermittently, often in large numbers, 

in late summer; 2-cm jellies resemble Gonionemus 

medusae, but lack adhesive organs and have three sets 

of tentacles instead of one; polyps lack tentacles, may 

form colony of a few zooids. Vallentinia gabriella (Fig. 

7-59A): fresh water, similar to Craspedacusta, but has 

short adhesive tentacles interspersed with long feeding 

tentacles. 

Trachylina0: 115 species; life cycle devoid of polyp stage, 

medusae only (Fig. 7-65C); when present, statocysts borne 

on stalks, statoliths originate from endoderm; most species 

open-water marine, occur at various depths from surface 

to deep sea; planula metamorphoses into actinula, which 

differentiates into medusa; most range from 1-2 cm, but 

Solmissus to 10-cm diameter; three trachyline taxa: Tra- 

chymedusae, Narcomedusae, and Actinulida. 

Trachymedusaes0: Medusae tall or hemispherical with 

well-developed velum, usually many solid marginal tenta- 

cles, club-shaped statocysts, gonads on radial canals; many 

species, including Aglantha digitate (Fig. 7-72A), have 

subumbrella drawn out into manubrium-like peduncle 

that bears terminal, four-lipped mouth; peduncle is body- 

wall outgrowth that includes proximal (stomach) ends of 

radial canals; strong swimmers with well-developed coro- 

nal and velar muscles. Aglantha digitate: inhabits cold 

northern waters; usually eight radial canals each with 

pendant, saclike gonad; taxon also includes Aglaura and 

Liriope. 

Narcomedusaes0: Medusae relatively flat with thin, lobed 

margin; central part of the bell thick and lenslike, whorl of 

thick, solid tentacles usually on exumbrellar surface; tenta- 

cles held stiffly, often above bell rim; club-shaped statocysts 

on bell margin; manubrium and radial canals reduced or 

absent, but stomach large; gonads in stomach wall (radial 

canals absent); some species viviparous, supply nutrition to 

young (actinulas) in maternal stomach (Cunina prolifera); 

others (C. octonaria, C. proboscidea) release parasitic larvae, 

attack manubrium or stomach of other medusae, includ- 

ing the anthoathecate Turritopsis nutricola. Aegina, Cunina, 

and Solmissus are well-known genera (Fig. 7-72B); possibly 

related to this group are Polypodium hydriforme, an intra- 

cellular parasite of sturgeon eggs, and myxozoans (see 

below). 

C 

FIGURE 7-72 Hydrozoan diversity: Trachylina. A, Aglantha digitale 

(Trachymedusae) from Washington. B, Solmissus incisa (Narcomedusae). 

Note stiff exumbrellar tentacles and absence of radial canals. 

C, Halammohydra sp. (Actinulida) from North Carolina. Note conspicuous 

spherical statocysts. (A, Drawn from a photograph provided by C. E. Mills) 
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Actinulida50: Adults tiny medusoid animals adapted for 

life in seawater-filled, interstitial spaces between sand 

grains (Fig. 7-72C); resemble actinula larvae and may 

have evolved, via pedomorphosis, from actinula stage of 

a trachyline ancestor; body slender and ciliated, as are 

the long, solid tentacles; cilia, rather than muscles, used 

to cruise through passageways between sand grains; four 

marginal, club-shaped statocysts; bulbous part of body 

(Fig. 7-72C), called gastric tube, bears the mouth at 

one end; gastric tube may be manubrium or subum- 

brellar peduncle (radial canals are absent); gonads in 

gastric-tube mesoglea, fertilization internal; either an 

actinula or planula released; if planula, it transforms 

directly into actinula. Halammohydra: aboral adhesive 

organ; Otohydra. 

Myxozoa (taxon of uncertain rank; may not even be 
cnidarians): 1200 species; cell and tissue parasites of 

connective tissue, muscle, and internal organs of inverte- 

brates, fishes (Fig. 7-73A); within host, parasite is motile, 

multinucleated syncytium; periodically, certain nuclei 

Nematocyst 

Nematocyte 

B 

Intercellular junction 

Test cell 

Nucleus 

Rudimentary 
syncytium 

Epidermis 

Basal lamina 

Myocyte 

Longitudinal 
myofilaments 

Sporogenic 
epithelium 

Spore 

Body cavity 

Sloughed 
sporogenic cell 

Nematocyst 

D 

Nucleus Intercellular 
junctions C 

FIGURE 7-73 Hydrozoan diversity: Myxozoa (placement in Hydrozoa is 
uncertain). A, A fish with tumorlike swellings caused by infection 
with Myxobolus. B, Multicellular spore of Myxobolus. Note intercellular 
junctions (metazoan character) and cnidae (cnidarian character). 
C, External view of a living Buddenbrockia plumatellae, a worm-shaped 
myxozoan that parasitizes the coelom of freshwater bryozoans 
(Phylactolaemata). The worms writhe slowly inside of the host's coelom, 
but once released into the water, they contract into a corkscrew shape. 
D, Cross section of B. plumatellae. The inner sporogenic epithelium 
(possibly gastrodermis) and the bundles of myocytes are tetraradially 
symmetric, as in Medusozoa. As the worm "matures," all cells of the 
sporogenic epithelium separate from each other and individually enter 
the body cavity. These sloughed sporogenic cells divide and differentiate 
into multicellular spores, each with four nematocysts, similar to the spore 
shown in B. (The transition from epithelium to spores is shown, 
using arrows, for only part of the sporogenic epithelium.) The body cavity 
of the "mature" worm is filled with spores that are liberated through 

breaks in the parasite's degenerating epidermis. The cnidarian affinity of 
Buddenbrockia (and other myxozoans) is uncertain. The scientists whose 
publications provided the data for C and D regard Buddenbrockia as 
highly derived bilaterians based on the arrangement of muscles in four 
quadrants, as in the bilaterian roundworms (Nematoda). In the absence of 
any trace of bilateral symmetry, however, the case for Buddenbrockia as 
a bilaterian, although provocative, is not yet firmly established. (A, After 
Grell from Hausmann, K., and Hiilsmann, N., 1996. Protozoology. Georg Thieme, 
New York. 434 pp.; B, From Hausmann and Hiilsmann, 1996; C and D, Drawn 
from, photo- and electronmicrographs and descriptions in Okamura, B., Curry, A., 
Wood, T. S., and Canning, E. U. 2002. Ultrastructure of Buddenbrockia 
identifies it as a myxozoan and verifies the bilateral origin of Myxozoa. Parasitology. 
124: 215-223, and Canning, E. U., Tops, S., Curry, A., Wood, T. S., and 
Okamura, B. 2002. Ecology, development and pathogenicity of Buddenbrockia 
plumatellae Schroeder 1910 (myxozoa, malacosporea; syn. Tetracapsula 
bryozoides) and establishment of Tetracapsuloides n. gen. for Tetracapsula 
bryosalmonae./. Eukaryot. Microbiol. 49:280-295.) 
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FIGURE 7-74 Phylogeny of Medusozoa and Hydrozoa. 1, Medusozoa: 
tetramerous symmetry, cnidocytes with cnidoci!, linear mtDNA, sense 
organs (ocelli, statocysts). 2, Scyphozoa: rhopalia, gastric filaments, solid 
tentacles, oral end of funnel-shaped polyp transforms into medusa, 
medusa has septa. 3, Hydrozoa: medusa with velum, hollow swellings 
(bulbs) at bases of tentacles, nematocytes restricted to epidermis, germ 
cells shed directly from gonad to exterior. 4, A-Forms: periderm does 
not enclose hydranth (athecate), fruticose colonies arise by budding 
from axial polyp, manubrial gonads. 5, Anthoathecatae: medusae 

with ocelli in tentacular bases (bulbs), desmoneme nematocysts. 
6, Siphonophora: pelagic, pneumatophore, cormidia. 7, L-Forms: 
periderm encloses polyp in theca (thecate), fruticose colonies arise from 
fixed-length budding, medusae have statocysts, gonads on radial 
canals. 8, Leptothecatae: ectodermal statoliths. 9, N.N.: endodermal 
statoliths, polyp stage reduced, tentacle bulbs infilled with endoderm. 
10, Limnomedusae: polyp tentacles reduced, the numerous medusa 
tentacles are ringed (annulated). 11, Trachylina: polyp stage absent, 
manubrium reduced. 

(germinal nuclei) in syncytium divide, become cellular, 

and form infective spores, which are ingested with food by 

next host; formerly considered a protozoan taxon related 

to Apicomplexa, myxozoan spores attach to host tissues 

and cells with one or more eversible “polar filaments” now 

known to be nematocysts (atrichous isorhizas), each in its 

own nematocyte; spores are multicellular, include two or 

four nematocytes, one or two cells that will become a new 

parasitic syncytium, and two test (valvogenic) cells form- 

ing spore wall (Fig. 7-73B); test cells joined together by 

septate and adherens-type junctions typical of metazoans, 

unknown in protozoans; extracellular matrix containing 

collagen, also typical of metazoans, between some cells; 

placement of myxozoans here based on tetramerous 

symmetry of Buddenbrockia (Fig. 7-73C,D) and similar 

occurrence of cell and tissue parasitism in some Narcome- 

dusae. Buddenbrockia and Tetracapsuloides in freshwater 

(Phylactolaemate) bryozoans; Myxobolus: in fishes; Tri- 

actinomyxon: in Tubifex annelid. 

Phylogeny of Hydrozoa 
It is an ongoing challenge for systematists to draw a com- 

prehensive phylogeny of Hydrozoa. To make matters worse, 

specialists who primarily study either hydroids or jellies 

have proposed separate classifications based on either polyps 

or medusae. To date, these competing classifications have 

not been satisfactorily tested or resolved into a single dia- 

gram of phylogenetic relationship. Our phylogeny is tenta- 

tive and offered solely as a framework on which to initiate a 

better understanding of hydrozoan evolution (Fig. 7-74). 

The basic division separates the five Linnean orders into 

two major taxa based on A-form and L-form attributes 

(Table 7-1). The A-form taxa are the Anthoathecatae and 

Siphonophora; L-form taxa are Leptothecatae, Limnome- 

dusae, and Trachylina (Trachymedusae, Narcomedusae, and 

Actinulida). 
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FIGURE 7-75 Cnidaria: competing phylogenies. A, Traditional 

phylogeny based on morphology. 1, Cnidaria: tetramerous medusa 

(adult), polyp (juvenile), planula (larva); ectodermal nematocytes; ecto- 

or endodermal gonads, gametes spawned directly from gonad to 

exterior; ecto- and endodermal nerve nets; longitudinal musculature in 

ectoderm, circular musculature in endoderm; periderm; budding. 

2, Hydrozoa: medusa with velum. 3, N.N.: endodermal gonads and 

nematocytes; gametes released into coelenteron, then spawned 

through mouth; transverse and longitudinal fission. 4, Scyphozoa: 
medusa with rhopalia, gastric filaments; strobilation. 5, Anthozoa: 

medusa absent; polyp with pharynx, septa, septal filaments. 

B, Competing current phylogeny based on morphology and molecules. 

1, Cnidaria: polyp (adult), planula (larva); ecto- and endodermal 

nematocytes; nematocytes with motile cilium; ecto- and endodermal 

nerve nets; longitudinal musculature in ectoderm, circular musculature 

in endoderm; endodermal gonads; periderm; budding, transverse, and 

longitudinal fission; mtDNA circular. 2, Anthozoa: polyps with pharynx, 

siphonoglyph, septa, septal filaments. 3, Medusozoa: medusa; mtDNA 

linear; tetramerous symmetry. 4, Scyphozoa: medusa with rhopalia, 

gastric filaments; strobilation. 5, Hydrozoa: medusa with velum; 

endodermal nematocytes absent; gametes spawned directly from 

gonad to exterior; nerve rings with gap junctions. (Based on several 

sources) 

PHYLOGENY OF CNIDARIA  

Cnidarian species fall into three major taxa: Anthozoa, Scypho- 

zoa, and Hydrozoa. Representative anthozoans are corals and 

anemones; scyphozoans are large jellyfishes, and hydrozoans 

are hydroids, Hydra, siphonophores, fire corals, and small jelly- 

fishes. 

The traditional view of the evolutionary relationships 

among cnidarian taxa (Fig. 7-75A), from primitive to derived, 

is: Hydrozoa —* Scyphozoa —*■ Abithozoa. This suggests that the 

hydrozoan life cycle of medusa —* planula —* polyp —> medusa 

is primitive for Cnidaria. Within this life cycle, the sexual 

medusa is interpreted as the ancestral adult stage, the plan- 

ula its larva, and the asexual polyp a persistent juvenile. The 

absence of a medusa in anthozoans and the internal complex- 

ity of their polyps, as compared with the hydrozoan polyp, are 

both viewed as autapomorphies of anthozoans. 

Modern molecular and morphological analyses of cnidar- 

ian relationships (Fig. 7-75B) reverse the evolutionary 

sequence to: Anthozoa —* Scyphozoa —> Hydrozoa. This 

arrangement suggests that a sexual polyp was the ancestral 

adult, the planula its larva, and a medusa was absent from the 

original life cycle (polyp —» planula —> polyp). At first glance, 

this phylogeny appears to have a glaring weakness: Although 

polyps occur in all four classes, those of the primitive antho- 

zoans are the most complex, those of the derived hydrozoans 

the least complex. Because we generally equate evolution 

with increasing levels of complexity, an explanation is 

required for the apparent evolution of simplicity in cnidarian 

polyps. Among several explanations for this paradox, perhaps 

the best is the relationship between body size and complexity 

(Fig. 7-76). 

The largest and most complex polyps occur in Anthozoa 

(Fig. 7-76A,C) whereas the smallest and least complex 

polyps are found in Hydrozoa (Fig. 7-76G,I). Furthermore, 

the complexity of anthozoan polyps results chiefly from gas- 

trodermal outfolds (septa), which radiate from the body 

wall into the coelenteron. These septa increase the surface 

area of the gastrodermis and reduce the volume of the coe- 

lenteron, exactly as predicted from the discussion of area- 

volume relationships in Chapter 4. Thus, by virtue of the 

fact that anthozoan polyps are large, they have to be com- 

plex, and by the same token, the evolution of small polyps 

and a more favorable area-to-volume ratio, as in hydrozoans, 

relieves them of the necessity to fold their body wall, result- 

ing in a simplified body. 
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FIGURE 7-76 Cnidaria: body size and design in polyps. In general, 
the body is largest in anthozoan polyps (A), smallest in hydrozoan 
polyps (G), and intermediate in scyphozoan polyps (D). In keeping 
with surface-area-to-volume considerations, the anthozoan polyps have 
many tentacles (A) and the area of the gastrodermis is enlarged by 
septa (B). The number of septa and tentacles increases with growth 

(C). Intermediate-size scyphopolyps have fewer tentacles (D) than large 
anthozoan polyps (A) and never more than four gastrodermal septa 
(E and F). Small hydropolyps have the fewest tentacles (G) and 
gastrodermal septa are typically absent (H). The largest hydropolyps, 
however, may have two septa (I) or other adaptations to increase the 
gastrodermal area. 
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he mostly planktonic ctenophores are gelatinous marine 

animals known as comb jellies. Ctenophores are voracious 

predators of zooplankton, such as crustaceans, jellyfish, fish 

eggs, and often each other. Of the approximately 80 species, 

several are seasonally abundant in coastal waters and thus play 

an important role in the planktonic food web. The transparent, 

fragile body is generally spherical or egg-shaped and 

superficially resembles that of some cnidarian jellyfish (Fig. 

8-1). Similar to jellyfish, the main axis of the body is oral-aboral 

and the mesoglea is thick and buoyant. But ctenophores differ 

from jellyfish in two striking ways: They use cilia instead of mus- 

cles for locomotion and they lack cnidae. Because of these dif- 

ferences and some unique attributes of their own, ctenophores 

are classified separately from cnidarians. Historically, however, 

ctenophores and cnidarians were combined in the now defunct 

taxon Coelenterata, although the informal term “coelenterate” 

continues to be used in reference to both taxa. 

Ranging in size from a few millimeters to 30 cm or more 

(the ribbonlike Cestum reaches 1.5 m), ctenophores are the 

largest solitary animals to use cilia for locomotion. The smooth 

ciliary locomotion of ctenophores may cloak them from vibra- 

tion-sensitive predators and prey, thus allowing them to slip 

stealthily through the water. . 

Transparency and lack of color typify most planktonic 

ctenophores and account for their near invisibility in water. 

Ctenes 

Aboral 
organ Tentacle 

Mouth 

Pharyngeal canal 

Pharynx 

Comb rows 

Tentacle sheath 

Aboral canal 
Tentilla 

B 

FIGURE 8-1 Ctenophora: external form and feeding orientation. A, Pleurobrachia, tentacular-plane view. 
B, Living Pleurobrachia pileus "fishing" with expanded tentacles. (A, Modified and redrawn from Hyman, L. H. 1940. 

The Invertebrates, Vol. 1. McGraw-Hill Book Co., New York.) 
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A few species, however, commonly those of Beroe (ba-ROE-ee), 

are pale pink to nearly red, but more deeply pigmented 

species generally occur in deep water in the absence of light. 

Pigmentation also occurs in unusual benthic species 

(platyctenids), which attach to substrates such as mangrove 

roots and the bodies of sessile animals and use color patterns 

to camouflage themselves. At night, ctenophores (except for 

species of Pleurobrachia and a few others) are noted for their 

striking bioluminescence, which emanates from cells below 

the ciliated bands (comb rows). When disturbed, the tropical 

Eurhamphaea vexilligera releases a sparkling, reddish, biolumi- 

nescent ink that may distract predators. 

GENERAL BIOLOGY  
The ctenophore ground plan is expressed by adults of a few 

species, especially those of Pleurobrachia, and by juveniles. Like 

cnidarians, the ctenophore body is arranged radially around 

an oral-aboral axis. The oral end of the body bears the mouth 

and a brainlike organ occurs at the aboral pole. 

Between the two poles are eight rows of extraordinary 

cilia that can move the large body at speeds of up to 

50 mm/s. The cilia in each row are exceptionally long (up 

to 2 mm) and grouped together in paddles known as 

ctenes, or combs (Fig. 8-1, 8-2); each ctene is composed of 

Aboral 

Muscle 

Meridional canal 

Lateral canal 

Interplate 
ciliary groove 

Ctene 

A Oral B 

FIGURE 8-2 Ctenophora: 
functional anatomy of comb rows. 
Images of living Mnemiopsis mccradyi 
(Lobata). A, Lateral view of beating 
ctenes. Numbers 1-4 indicate ctenes in 
successive stages of power stroke; 
letters A-E, stages of recovery stroke. 
B, Surface view of two ctenes and 
associated structures. 

FIGURE 8-3 Ctenophora: ctene microanatomy. Parallel axonemes of ctene cilia are linked together in 
the beat plane of the comb. (Redrawn and modified from Tamm, S. L. 1980. Cilia and ctenophores. Oceanus 
23:50-59.) 
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several thousand cilia (Fig. 8-3). The ctenes are aligned 

single-fde in each of the eight comb rows (Figs. 8-1 A, 8-4A), 

which originate at the aboral pole but end before reaching 

the mouth at the opposite end (Fig. 8-1). The paddlelike 

ctenes beat with effective strokes directed aborally (Fig. 

8-2A). So ctenophores, unlike jellyfish, swim with the 

mouth forward. Characteristically, light diffracted by the 

moving ctenes produces a shimmering spectrum of color. 

In addition to their ctenes, ctenophores use other, highly 

modified cilia as specialized devices, such as pacemakers 

(balancers) to set the beat rate of the ctenes and even as 

teeth (macrocilia in Bero'e). 

Two long tentacles, one on each side of the body, originate 

on the aboral hemisphere and bear a lateral row of threadlike 

filaments called tentilla (sing., tentillum) (Fig. 8-1, 8-4A, 

8-5A). Each highly extensible and contractile tentacle emerges 

from the bottom of a deep, ciliated pouch, the tentacle sheath 

(Fig. 8-1, 8-4A). 

Much of the body volume is occupied by the skeletal 

mesoglea, an elastic gel that contains collagen and cells of 

various types. Internal to the mouth, the coelenteron consists 

of a large, compressed pharynx that opens into a short canal 

from which additional canals arise to supply the comb rows, 

tentacle sheaths, and other structures (Fig. 8-4A). 

Ctenophores have a curious biradial symmetry about two 

imaginary planes, each of which divides the body into mirror- 

image halves. The tentacular plane passes along the oral-aboral 

axis and through both tentacle sheaths. The pharyngeal plane 

also passes along the oral-aboral axis, but at a right angle 

to the tentacular plane (Fig. 8-4A). Thus, in contrast to most 

cnidarians, which have many radial planes of symmetry, 

ctenophores have only two. 

BODY WALL AND COLLOCYTES 
The ctenophore body wall, including the pharynx and tenta- 

cle sheaths, includes an epidermis, which is coated externally 

by a protective layer of mucus, and a well-developed mesoglea 

(Fig. 8-5C). Muscle and nerve cells occur both in the epider- 

mis and in the mesoglea. 

The ctenophore epidermis appears to be a bilayered 

epithelium. The outer layer consists of multiciliated cells, inter- 
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Tentacle sheath 

Comb row 

Tentacle 
sheath 
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A 
TENTACULAR 
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Ciliary groove 

Anal pore 
Pole plate 
Pharynx 
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FIGURE 8-4 Ctenophora: symmetry and anatomy (Cydippida). A, Aboral view (top half of figure), sectional 

view (bottom half of figure) of Hormiphora (similar to Pleurobrachia). B, Perspective view of aboral organ of A. 

Arrows indicate ciliary-beat direction and water flow. (A, Modified and redrawn from Delage Y., and Herouard, E. 

1901. Traite de Zoologie Concrete. Vol. 2. Les Coelenteres. Schleicher Fr'eres, Paris. 848 pp.; B, Modified and redrawn from 

Kaestner, A. 1984. Lehrbuch der Speziellen Zoologie. 2. Teil. Gustav Fischer Verlag, Stuttgart. 621 pp.) 
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FIGURE 8-5 Ctenophora: prey capture using tentilla and collocytes. A, Prehensile tentillum of Euplokamis 

dunlapae uncoils rapidly to seize prey (copepod). B, High magnification of tentillum showing protruding 

collocytes. C, Section through collocyte and wall of tentillum. The muscle-cell nuclei degenerate in the fully 

formed tentillum. (A and C, Modified and redrawn from Mackie, G. 0., Mills, C. E., and Singla, C. L. 1988. Structure and 

function of the prehensile tentilla o/Euplokamis (Ctenophora, Cydippida). Zoomorphology 107:319-337; B, Modified and re- 

drawn from Hyman, L. H. The Invertebrates, Vol. 1. Me Graw-Hill Book Co., New York.) 

stitial cells, mucus-secreting cells, collocytes (see below), and 

various sensory cells. Of these cells, the mucus-secreting cells, 

which produce the protective mucous covering of the body, and 

the sensory cells are widespread; the other cells are localized to 

specific structures, such as the ctenes, pharynx, and tentacle 

sheaths. The inner layer of the epidermis contains myoepithelial 

cells and a nerve net. Beneath the bilayered epidermis, the 

mesoglea houses myocytes as well as nerve, pigment (Beroe), 

and ameboid cells, the latter of which secrete and maintain the 

extracellular matrix of the mesoglea. 

The epidermis of each tentacle and tentillum has numer- 

ous specialized cells, called collocytes, that are unique to 

ctenophores (Fig. 8-5C). Collocytes release a sticky substance 

and adhere to prey. Like a cnidarian cnidocyte, each collocyte 

differentiates from an interstitial cell in the epidermis. The 

differentiated collocyte, which resembles a mushroom, con- 

sists of a swollen apical cap borne on a stalk. The cap bears 

numerous vesicles that contain the adhesive substance 

(Fig. 8-5C). The stalk anchors the collocyte in the epidermis 

and in the deeper muscle layer or mesoglea. A helical thread 

resembling a coiled spring surrounds the stalk and is attached 

to the root tip at one end and the cap at the other (Fig. 8-5C). 

Although the function of this peculiar structure is uncertain, it 

may absorb stress when an attached prey tugs on the collocyte, 

thus preventing the collocyte from being torn away. Appar- 

ently, each collocyte is used only once and then replaced. 

MUSCULATURE 
Muscles occur throughout the epidermis and mesoglea. The 

myoepithelial epidermal musculature may include longitudinal 

muscles, circular muscles, or both, depending on species. When 

both orientations are well developed, as in the prehensile oral 

lobes of lobate ctenophores, the fibers form a crisscrossed 

mesh (Fig. 8-6). The mesogleal musculature, composed of 

FIGURE 8-6 Ctenophora: musculature. Surface view of the 
crisscrossed muscle fibers in the oral lobe of a living lobate ctenophore, 

Mnemiopsis mccradyi. This muscle grid enables Mnemiopsis to cup its 
oral lobes over its mouth. 

myocytes, may be oriented circularly, longitudinally, or radially. 

Circular and radial fibers of mesogleal muscle, for example, act 

together with epidermal longitudinal fibers to open and close the 

mouth and pharynx of Beroe. In Mnemiopsis, two well-developed 

bands of longitudinal muscle (retractor muscles) insert on the 

underside of the aboral organ, then extend through the 

mesoglea to their origin at the oral end of the body (Fig. 8-7A). 

These muscles draw in the aboral organ to protect it. Similarly, 

radial muscles attached to the underside of the comb rows 

(Fig. 8-2B) contract to create a furrow into which the fragile 

combs are withdrawn for protection. 
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FIGURE 8-7 Ctenophora: aboral organ of a living 

Mnemiopsis mccradyi (Lobata) in lateral (A) and 

surface (B) views. 

With few exceptions, all ctenophore muscles are smooth; 

cross-striated muscle is described only in Euplokamis dunlapae, 

where it causes a rapid uncoiling of the tentilla during prey 

capture (Fig. 8-5A). Ctenophores apparently lack the epithe- 

liomuscular cells characteristic of most cnidarians. Instead, 

their epidermal fibers are considered to be myoepithelial cells 

and their mesogleal fibers, myocytes (Fig. 6-4C). The mesogleal 

myocytes are surrounded with basal lamina (called external 

lamina), which betrays their probable epithelial origin. The 

smooth muscle fibers of both cnidarians and ctenophores, how- 

ever, differ from smooth fibers of “higher” (bilateral) animals in 

one surprising respect: Their actin (thin) filaments anchor only 

to the cell membrane. Among bilateral animals, such as flat- 

worms and molluscs, the actin filaments also anchor to proteins 

(such as a-actinin) within the cell cytoplasm (Fig. 6-5A). 

NERVOUS SYSTEM 
The ctenophore nervous system forms an epidermal nerve net 

that is concentrated in association with complex structures, 

such as the comb rows, pharynx, tentacles, and aboral organ. 

Neurons also occur in the mesoglea and innervate the 
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mesogleal musculature. Although the net forms a ring around 

the mouth (associated with sensory cells on the lips), the prin- 

cipal nervous center is the aboral organ. 

The aboral (or apical) organ, a rudimentary brain, is a 

combination receptor-effector that controls the locomotory 

comb rows (Fig. 8-4, 8-7). Its most conspicuous component is a 

glassy spherical statocyst perched atop the flared end of the 

aboral coelenteric canal like a diminutive crystal ball. Remark- 

ably, the transparent dome of the statocyst is formed from 

long, nonmotile cilia, which arch over and enclose a statolith 

composed of aggregated cells bearing reflective granules. 

Basally, the statolith is supported on four equidistant tufts of 

motile cilia, the so-called balancers, that arise from cells of the 

statocyst floor. Each balancer controls ciliary activity in one 

quadrant, or two adjacent cornjp rows, of the body. From each 

balancer, a fine ciliary groove radiates orally, then bifurcates 

to join two adjacent comb rows (Fig. 8-4B). The beat rate of 

the ctenes in each quadrant is set by the beat rate of its 

balancer, which behaves as a pacemaker. The floor of the 

statocyst. is a depression or dimple in a sensory epithelium, a 

specialized patch of epidermis. This sensory epithelium 

extends orally beyond the statocyst as two opposite, narrow, 

ciliated bands, the pole plates, in the pharyngeal plane of the 

body (Fig. 8-4). The pole-plate cilia create a ventilatory flow 

toward and over the statocyst. Other pole-plate cells may be 

sensory in function. Among some ctenophores, such as Beroe, 

branched, fingerlike outgrowths called papillae project from 

the pole-plate perimeter (Fig. 8-14B). In addition to gravity 

reception (by the statocyst), the aboral organ may function in 

photo-, pressure-, and chemoreception. 

LOCOMOTION 
Garden-variety ctenophores such as Mnemiopsis, Pleurobrachia, 

Bolinopsis, and Beroe rely primarily on ctenes for locomotion. 

Some less common species (cestids, platyctenids, some 

lobates), however, use muscular undulations of the body to 

swim or to crawl like a flatworm (Fig. 8-12A,C). 

During ciliary locomotion, the power stroke of the pad- 

dlelike ctenes is from oral to aboral. Activation of the 

ctenes, however, is the opposite, beginning aborally and pro- 

ceeding to the oral end of each comb row. Curiously, the 

beat stimulus is initiated by the balancer and transmitted to 

the comb rows by cilia in the ciliary grooves rather than by 

nervous conduction. Each beat of a balancer provides a 

mechanical stimulus, which propagates along the comb rows 

aborally to orally, in a manner similar to a cascade of falling 

dominoes. In Pleurobrachia and other cydippids, the mechan- 

ical stimulus is thought to be the fluid disturbance caused by 

the beating ctene. In many other ctenophores, however, the 

ciliary grooves do not end at the first ctene in each comb 

row, but continue along the row as interplate ciliary grooves 
(Fig. 8-2B), which link the separate ctenes and aid in con- 

ducting the beat stimulus. 

The beat frequency of the balancer is controlled by the 

weight of the statolith bearing on it. When the ctenophore is 

oriented vertically, the weight is equal on all four balancers and 

their beat rates are the same. If the ctenophore tilts away from 

vertical, the weight is greater on the lower balancers than the 

upper ones (Fig. 8-8A). This load imbalance causes the upper 

and lower balancers to beat at different rates, which, in turn, 

causes beat-rate changes in the comb rows. Greater statolith 

weight on the lower balancers, however, may increase or 

decrease the beat rate, depending on the ctenophore’s “mood.” 

If its mood is positive (+ geotaxis), increased weight on the 

lower balancers slows their beat rate and the beat rate of 

the lower comb rows. In the meantime, the beat rate of the 

upper balancers and their comb rows increases. Because the 

upper ctenes beat frequently and the lower ctenes hardly at all, 

the ctenophore turns its leading mouth end downward and 

swims away from the surface of the water. When a comb jelly’s 

mood is negative (— geotaxis), the response of its balancers to 

gravitational load is reversed and it swims toward the surface of 

the water (Fig. 8-8A). 

A ctenophore’s “mood” is controlled by sensory informa- 

tion received and processed by the nervous system. The ner- 

vous system also controls the direction of effective strokes of 

the ctenes. Although normally the effective stroke is toward 

the aboral pole, it can be reversed in two or more pairs of 

comb rows. 

COELENTERON 
The coelenteron consists of distinct compartments and canals 

(Fig. 8-9) that supply the organs of the body. In Pleurobranchia, 

the slit-shaped mouth leads into a laterally compressed phar- 

ynx that joins a short aboral canal, the first part of which is 

sometimes called a stomach (Fig. 8-9). Immediately below the 

aboral organ, the aboral canal branches into four short anal 

canals that embrace and supply the organ. Two of the four anal 

canals, 180° apart, open to the exterior at tiny anal pores. The 

remaining bodily organs and structures are supplied by canals 

that originate from the small stomach. A pharyngeal canal 

extends over each of the two flattened surfaces of the pharynx; 

a tentacular canal lies along each of the two tentacular sheaths; 

a meridional canal is located beneath each of the eight comb 

rows; and a lateral canal underlies each ctene (Fig. 8-2B). The 

meridional canals end blindly in Pleurobrachia, but in many 

species, including Beroe, they join a circumoral ring canal that 

unites them. The arrangement of coelenteric canals varies 

among the species of ctenophores, but most can be interpreted 

as modifications to the layout of Pleurobrachia (Fig. 8-9). 

Ciliated cells occur throughout the gastrodermis, but are 

especially well developed on the innermost part of the phar- 

ynx near its junction with the aboral canal. These pharyngeal 

cilia occur in four longitudinal ridges (Mnemiopsis) resembling 

low septa and in a cluster at the junction with the stomach. 

Secretory gland cells also are prominent on the pharyngeal 

ridges and elsewhere. Only the mouth and pharynx have a 

well-developed musculature in addition to cilia. 

With the exception of the aboral canal, all coelenteric 

canals are located near the body or gut surface, immediately 

below the organs being supplied, and the gastrodermis on the 

organ side of the canal differs from the gastrodermis on the 

opposite side. The organ-side gastrodermis is composed of 

tall, vacuolated nutritive cells (Fig. 8-10A, 8-14C) interspersed 

with germ cells and photocytes, the cells responsible for biolu- 

minescence. The gastrodermis on the opposite side of the 

canal consists of a low, ciliated epithelium periodically inter- 

rupted by pores. Each pore is surrounded by two ciliary 

whorls, one atop the other, of six cells each. The cilia of the 

inner whorl project into the coelenteron, while those of 
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A 

FIGURE 8-8 Ctenophora: orientation behavior in Pleurobrachia (Cydippida). A, Pleurobrachia in negative 
"mood" (- geotaxis), responding to departures from preferred orientation (top). The active course corrections 
(left and right) are controlled by the aboral organ. B-D, Prey capture and ingestion ("spin capture"). As prey 
contacts a tentacle, one pair of comb rows reverses the direction of its power strokes to rotate the ctenophore 
toward the capture tentacle (B). The body continues to rotate (C) as the tentacle shortens and brings the prey 
into contact with the mouth (D), which engulfs it. (Modified and redrawn from Tamm, S. L. Cilia and Ctenophores. 
Oceanus 23:50-59.) 

the outer whorl extend into the mesoglea. The entire pore is 

called a ciliary rosette (Fig. 8-10, 8-14C). Its function is 

discussed under Excretion and Buoyancy Regulation. 

PREY CAPTURE, DIGESTION, 
INTERNAL TRANSPORT 
Ctenophores are carnivores that feed chiefly on planktonic 

crustaceans and other jellies. Crustacean-ingesting ctenophores 

such as Pleurobrachia use tentacles and tentilla to capture prey, 

whereas jelly consumers use either their simple tentacles, which 

lack tentilla, or direct seizure with the mouth. An example of 

a ctenophore that uses the latter method is Beroe, which feeds 

on other ctenophores, lacks tentacles altogether, and actively 

pursues its prey. 

Swimming mouth forward, Pleurobrachia feeds by trailing its 

outstretched tentacles and tentilla through the water like 

a drift net. If a small crustacean contacts one of the tentacles, it 

is seized by one or more adhesive tentilla, which collocytes 

have made as sticky as spider’s silk. Then the tentacle shortens, 

pulling the prey forward and toward the mouth. Reversing the 

beat of the appropriate pairs of comb rows, the ctenophore 

rotates its body toward the capture tentacle to bring its mouth 

into contact with the prey (Fig. 8-8B-D). This form of feeding 

is known as spin capture. 

Once the prey is swallowed, muscular churning and enzyme 

release by the pharynx begm digestion within minutes. The 

pharynx reduces the prey to a slurry of fine particles that 

stream rapidly from the ciliated ridges into the stomach. (The 

large, indigestible parts of the prey body, such as the 

exoskeleton, are egested through the mouth and do not 

enter the canal system.) Once in the stomach, the food is dis- 

tributed by ciliary flow to all the canals of the coelenteron. 

Particles flow bidirectionally in the canals until they are endo- 

cytosed by the nutritive cells, in which they presumably 

undergo intracellular digestion. Storage of nutrients probably 

occurs in the nutritive cells. The location of nutritive cells 

immediately below the ctenes, comb rows, aboral organ, and 

other structures undoubtedly facilitates transfer of nutrients to 

those tissues and organs. The pores of ciliary rosettes open into 

the myocyte containing mesoglea and may be routes of nutri- 
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FIGURE 8-9 Ctenophora: digestive system 
of a cydippid ctenophore similar to 
Pleurobrachia. (Modified from Hyman, L. H. 

1940. The Invertebrates, Vol. 1. McGraw-Hill 

Book Co., New York) 

ent transport to those muscles. Although some rejected parti- 

cles leave the body via the anal pores, most are eliminated 

through the mouth. 

EXCRETION AND BUOYANCY 
REGULATION 
Little is known about ctenophore excretion. The by-products 

of cellular metabolism, such as ammonia from proteins, proba- 

bly diffuse across the general body surface, although some may 

leave with coelenteric fluid from the mouth and anal pores. 

The excretory role, if any, of the ciliary rosettes is unknown. 

Maintenance of neutral buoyancy by planktonic ctenophores 

is probably the result of passive osmotic adjustment to water of 

different densities. The ciliary rosettes, however, may assist in 

this accommodation process by pumping water into or from the 

mesoglea, the ctenophore’s flotation tissue. Because ctenophore 

body fluids are isosmotic to seawater, which is denser than fresh 

water, ctenophores tend to sink as they enter the brackish water 

of coastal estuaries. In this situation, the mesogleal ciliary tuft of 

the rosettes may actively pump the less-dense brackish water into 

the mesoglea to increase its volume and decrease its density, thus 

approaching neutral buoyancy (Fig. 8-10, 8-14C). Alternatively, 

when a brackish-water-adapted ctenophore moves into full- 

strength seawater, water may be pumped by the coelenteric 

ciliary tuft from the mesoglea into the coelenteron and eventu- 

ally to the outside through the mouth. This loss of water may 

increase the density of the body to that of full-strength seawater. 

Salt (ionic) regulation has not been studied. 

REPRODUCTION AND DEVELOPMENT 
Clonal (asexual) reproduction, uncommon in ctenophores, 

occurs only in the benthic platyctenids, which can excise frag- 

ments from the margin of their flattened bodies. Like the 

pedal lacerates of some sea anemones (Fig. 7-22), these liber- 

ated fragments differentiate and grow into new individuals. 

With the exception of two gonochoric species of Ocyropsis, all 

species of ctenophores are hermaphrodites. In response to light 

cues, gametes are spawned and the eggs are fertilized in seawa- 

ter. Cross-fertilization probably is typical of most ctenophores, 

but self-fertilization occurs in species of Mnemiopsis. An interest- 

ing aspect of the reproductive biology of lobate and cydippid 

ctenophores is that their juveniles (cydippids) can precociously 

attain sexual maturity and successfully reproduce. This phenom- 

enon, an example of pedomorphosis (Chapter 4), is known as 

dissogeny. 

Generally, a pair of gonads, one ovary and one testis, is 

situated in the body-surface-side wall of each meridional 

canal (Fig. 8-4A). In this position, the gonads are in contact 

with the nutritive cells of the gastrodermis. Within the ovary, 

each egg is partially fused by cytoplasmic bridges to many 

nurse cells, which supply nutrients for very rapid growth. At 
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FIGURE 8-10 Ctenophora: ciliary rosettes. Microscopic 
images of a coelenteric canal and rosettes in a living 
Mnemiopsis mccradyi (Lobata). A, Canal showing two ciliary 
rosettes, the upper in a face-on view. B, High magnification 
of a rosette in optical section. As this photograph was taken, 
the planar ciliary movement of the rodlike coelenteric tuft 
blurred the image (the fan-shaped mesogleal tuft was 
stationary). 

spawning, the gametes are shed from the gonads into short 

canals that lead to a series of gonopores, each located 

between two adjacent ctenes. 

The glass-clear yolky zygote undergoes determinate 

(mosaic) development, in which the fate of each blastomere is 

determined early in development (Fig. 8-11). The first cleavage 

furrow begins on one side of the zygote and progresses around 

its circumference, eventually dividing it into two equal cells. 

The point at which the first cleavage is initiated corresponds to 

the oral end of the embryo and adult. The second cleavage is 

at 90° to the first and results in an embryo composed of four 

equal cells. Seen from the oral pole, the crossed planes of the 

first and second cleavages correspond to the future pharyngeal 

and tentacular planes, respectively (Fig. 8-11C). Additional 

cleavages result in an embryo composed of a few large oral 

macromeres and many small aboral micromeres (Fig. 8-1 IE). 

During gastrulation, the aboral micromeres spread orally 

(by epiboly), and some are internalized (by invagination) at 

the oral pole. The aboral micromeres form the ectoderm and 

will differentiate into epidermis, pharynx, tentacle sheaths, and 

gonads, which are thus of ectodermal origin. Before the 

macromeres give rise to the endodermal coelenteron, they pro- 

duce another set of micromeres at the oral pole. These oral 

micromeres are mesoderm and give rise to the mesogleal 

muscles and other cells. 

Embryonic development is direct and leads to a planktonic 

juvenile, called a cydippid, that is of similar form in nearly 

all groups of ctenophores. It resembles a miniature of Pleuro- 

brachia with eight comb rows and a pair of tentacles (Fig. 8-111). 

The juvenile of Berm is similar, but lacks tentacles and tentacle 

sheaths, as does the adult. As the cydippid grows, it gradually 

adopts the specific fonn of its parent. Among certain groups of 

ctenophores, such as the benthic platyctenids, the cydippid is 

a true larva that occupies a different ecological niche than the 

parent and undergoes a metamorphosis as it adopts the unusual 

body form of the adult. 
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FIGURE 8-11 Ctenophora. Development (A-l) is characterized by 
an early determination of the fate of blastomeres (mosaicism) and 
biradial symmetry, which is established at the four-cell stage (C). Epiboly 
of the aboral micromeres occurs in F (arrows), marking the onset of 
gastrulation; G, early gastrula; H, gastrula; I, cydippid. (Redrawn and 

modified from several sources, primarily Martindale, M. ()., and Henry, J. 1997. 

Ctenophorans, the comb jellies. In Gilbert, S. F., and Raunio, A. M. (Eds.): 

Embryology, Constructing The Organism. Sinauer, Sunderland, MA. pp. 87-111.) 

DIVERSITY OF CTENOPHORA 
For a taxon of fewer than 100 species, the body forms and 

lifestyles of ctenophores are surprisingly diverse. Those most 

commonly seen and studied have spherical or oval bodies and 

occur in the shallow-water plankton. Many other ctenophores 

have bodies that are flattened in the tentacular plane, pharyn- 

geal plane, or along the oral-aboral axis, depending on the 

taxon. A few have adopted a medusoid body form and resem- 

ble cnidarian jellyfish. Some ctenophores live in the open 

ocean, others inhabit deep water, and still others are benthic 

creeping species. 

Cydippida and Platyctenida have either nearly spherical 

or laterally compressed bodies. If compressed, the pharyngeal 

axis is short (compressed in the tentacular plane). Tentacles 

are the primary means of prey capture. The pharyngeal and 

meridional canals either end blindly (cydippids) or they 

branch to form a complex network (platyctenids). Tobata, 

Ganeshida, Cestida, Thalassocalycida, and Beroida have com- 

pressed bodies with a short tentacular axis (compressed in the 

pharyngeal plane) and a somewhat long to very long 

pharyngeal axis. None use tentacles primarily, if at all, for prey 

capture. The meridional and pharyngeal canals unite with 

a circumoral ring canal. 

Cydippida0: Planktonic spherical or oval ctenophores; few 

species compressed; well-developed tentacles and tentacle 

sheaths; interplate ciliary grooves absent. Callianira: aboral 

body wall bears two crests; Pleurohrachia: two long tentacles 

with tentilla (Fig. 8-1); Euplokamis: coiled tentilla uncoil 

rapidly during prey capture; Haeckelia: tentacles bear nema- 

tocysts obtained from and used on its cnidarian prey; 

Hormiphora (similar to Pleurohrachia): two types of tentilla; 

Lampea: juveniles (possibly parasitic) attach to salps with the 

everted and distended lining of their pharynx; Mertensia: 

compressed body (short pharyngeal axis). 

Platyctenida0: The odd ducks among ctenophores. Unlike 

other comb jellies, the flattened, benthic platyctenids resem- 

ble some flatworms and sea slugs (Fig. 8-12A,B). Comb rows 

absent (one exception); two well-developed, tentilla-bearing 

tentacles capture prey. A few species have four instead of two 

pole plates, and their larvae, coincidentally, have only six 

comb rows. Ovaries normal, but testes in discrete sacs on 

coelenteric canals; embryos brooded in aboral, occasionally 

oral, sacs; normal planktonic cydippids released. Body length 

5-25 mm. As the cydippid settles and metamorphoses, comb 

rows are lost, body flattens profoundly in oral-aboral axis, 

proportion of mesoglea to other tissues decreases, and coe- 

lenteric canals branch to form a complex whole-body 

network. Creeping sole arises from everted and distended 

pharynx lining, seen also in the cydippid Lampea; Ctenoplana: 

planktonic and facultatively benthic, retains comb rows 

throughout life; Coeloplana (Fig. 8-12A,B): found on alcy- 

onarian corals; similar to Ctenoplana but lacks comb rows 

(replaced by simple papillae containing a blind meridional- 

canal outgrowth [Fig. 8-12A]); Vallicula: on submerged 

mangrove roots, folds body (oral) margins around bases of 

its tentacles to form “chimneys”; flue of each chimney is a 

passageway from tentacle to mouth; Lyrocteis and Tjalfiella: on 

pennatulaceans, marginal folds at the bases of tentacles fuse 

to form permanent “chimneys.” 

Lobata0: Common planktonic comb jellies; two expanded 

muscular oral lobes flank mouth and tentacles, creating 

a “subumbrellar” cavity (Fig. 8-13); from base of each 

reduced tentacle, two auricular grooves, bearing tentilla, 

extend over subumbrellar surface of each lobe; associated 
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FIGURE 8-12 Ctenophora: diversity. A and B, The platyctenid Coeloplana agniae: A, aboral view with tentacles 
retracted; B, lateral view, attached to underside of substrate with tentacles extended. C, The cestid Cestum veneris 
in surface view with tentilla extended (left side of figure) and internal view (right side of figure). D-E, juvenile 
development of Cestum showing beginning of elongation in the pharyngeal axis and arrested development of 
comb rows flanking the tentacles. (A and B, Modified and redrawn from Dawydoffi C. 1928. Traite dEmbryologie 

Comparee des Invertebres. Masson, Paris. 930 pp; C, Modified and redrawn after Mayer, A. G. 1912. Ctenophores of the Atlantic 

Coast of North America. Carnegie Institution of Washington, Publication 162. 58 pp; D andE, Modified and redrawn from 

Kaestner, A. 1984. Lehrbuch der Speziellen Zoologie. 2. Teil. Gustav Fischer Verlag, Stuttgart. 621 pp.) 

with auricular grooves are four auricles, each the oral exten- 

sion of a comb row that bears long whiskerlike cilia instead 

of paddle-shaped ctenes. The mouth-forward locomotion, 

aided by cilia, draws water and prey inward to the auricles, 

the cilia of which create a swirling current over the out- 

stretched tentilla; prey adhere to tentilla and are transferred 

to mouth. Lobe system an alternative to tentacles, allows for 

uninterrupted feeding on suspended prey. Interplate ciliary 

grooves are present. Leucothea: long tentacles, body-wall 

papillae, large muscular oral lobes used for locomotion; 

Mnemiopsis: rudimentary tentacles and long, deep auric- 

ular grooves (Fig. 8-13); Bolinopsis: rudimentary tentacles 

and short auricular grooves; Ocyropsis: large prehensile oral 

lobes for prey capture and swimming, tentacles absent, 

gonochoric. 

Ganeshida0: Two known species of Ganescha: found in trop- 

ical seas, superficially resemble lobate juveniles. Mouth 

flanked by two small oral lobes, a pair of tentacles present, 

but body is more or less circular in cross section and not 

appreciably compressed; coelenteric canals as in lobates; oral 

end of pharynx, however, is continuous with subumbrellar 

surface of oral lobes and thus is similar to that of 

platyctenids. 

Cestida0:^ Remarkable, tropical-subtropical, planktonic cteno- 

phores with body a transparent colorless ribbon or cummer- 

bund (Fig. 8-12C-E). Tentacular axis short and pharyngeal 

axis extremely long. Four subtentacular comb rows rudimen- 

tary; remaining four along aboral edge of ribbon. Interplate 

ciliary grooves present. Bases of reduced tentacles give rise to 

four tentilla-bearing grooves, two on each side of mouth; 

grooves extend length of oral edge of body. During feeding, 

extended tentilla stream aborally, like curtains, over flat sur- 

faces of body (Fig. 8-12C). Ribbon-shaped body another means 

by which suspension-feeding ctenophores increase feeding 

surface area in the near-absence of tentacles. Besides comb-row 

hovering or gliding with oral edge leading, cestids swim by 

muscular body undulations. Two species, Cestum veneris 

(Venus’s girdle): length to 1.5 m; Velamen parallelum: to 90 cm. 

Thalassocalycida0: Monotypic medusoid Thalassocalyce incon- 

stans superficially resembles a hydromedusa, but larger, up to 

15 cm. Tentacular body axis short; short aboral comb rows; 

interplate ciliary grooves present. Prey caught in subumbrel- 
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FIGURE 8-13 Ctenophora: diversity. The lobate Mnemiopsis leidyi. A, Pharyngeal plane view. B, Oral view. 
(Modified and redrawn after Mayer, A. G. 1912. Ctenophores of the Atlantic Coast of North America. Carnegie Institution of 
Washington, Publication 162. 58 pp.) 

FIGURE 8-14 Ctenophora: diversity. A, Pharyngeal plane view of living Beroe cucumis; B, Anatomy of 
Beroe showing partially dissected mouth and pharynx. The sealing ridges, on opposite sides of the pharynx, 
make contact and adhere tightly when the mouth is closed. The zipperlike adhesion results from temporary 
intercellular junctions between cells of the opposing ridges (similar to the Hydra mouth). The tightly sealed 
mouth and lips create a streamlined leading edge as the ctenophore swims in pursuit of prey. C, Cross section 
of a coelenteric branch showing a ciliary rosette. Arrows show the presumed direction of water flow 
associated with the activity of the two ciliary tufts. (B, Modified and redrawn from Tamm, S. L., and Tamm, S. 1993. 
Dynamic control of cell-cell adhesion and membrane-associated actin during food-induced mouth opening in Beroe./. Cell. Sci. 
106:355-364.) 
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lar cavity using movements of bell and perhaps two short 

tentacles bearing tentilla. Mouth small, suspended on 

manubrium-like cone in subumbrellar cavity. 

Beroida0-. Melon or miter jellies, up to 30 cm in length, all 

species of Bero'e and Neis. Lacking tentacles, often slighdy com- 

pressed, saclike body resembles a ski cap (Fig. 8-14). Pole-plate 

margins have papillae. Interplate ciliary grooves absent. 

Mouth and pharynx compressed, large; meridional canals with 

branched outgrowths in interradial parts of body; some out- 

growths join pharynx, others end blindly. Specialized conical 

bundles of cilia (macrocilia) on pharynx lining immediately 

inside of mouth (Fig. 8-14B); macrocilium composed of sev- 

eral thousand cilia bound together in functional unit, similar 

to ctene. Large prey engulfed whole by mouth and pharynx, 

tissue chunks bitten from oversize prey using macrocilia as 

teeth. Feed almost exclusively on ctenophores. 

PHYLOGENY OF CTENOPHORA 
In Linnean classifications, Ctenophora is divided into the class 
Tentaculata, which includes Pleurobrachia and all other 

ctenophores except Beroida {Bero'e and Neis), which lacks tenta- 

cles and comprises the class Nuda. If the absence of tentacles is 

an autapomorphy of Beroida (Nuda), then the character ten- 

tacles” is likely to be a symplesiomorphy of the remaining 

ctenophore taxa. This means that Tentaculata is a paraphyletic 

taxon and, for this reason, we do not recognize it (or Nuda, 

which is equivalent to Beroida) in the preceding section. As an 

alternative, some systematists suggest that the atentaculate 

beroids are primitive and the acquisition of tentacles is an 

autapomorphy of the tentaculate ctenophores. At present, the 

distribution of known morphological characters does not allow 

the construction of a phylogenetic tree that would reject either 

of these alternatives, or any other for that matter. In the 

absence of a tree supported by apomorphies, other arguments 

have been advanced to choose between tentaculate vs. atentac- 

ulate ground plans. One of the most compelling of these is 

that beroids feed on tentaculate ctenophores, and thus the 

tentaculates likely evolved before their atentaculate predators. 

Traditionally, ctenophores are considered to be evolution- 

ary intermediates between the radial cnidarians and the bilat- 

eral flatworms (Platyhelminthes). The cnidarian alliance was 

based largely on the gelatinous (“medusoid ) body and the 

occurrence of cnidae in the tentacles of certain ctenophores. 

A transparent, gelatinous body, however, is widespread among 

planktonic animals and is probably an adaptation to buoyancy 

and invisibility in water. Behavioral studies of cnidae-bearing 

ctenophores, such as Haeckelia rubra, have shown that these 

animals do not produce the cnidae themselves, but appropri- 

ate them from their cnidarian prey. 

Still, cnidarians and ctenophores share an embryonic axis 

that becomes the oral-aboral axis, radial body symmetry, and 

smooth-muscle actin filaments that anchor only to the cell 

membrane (all of which are probably plesiomorphies). The 

correspondence of the animal pole of a ctenophore zygote 

with the site of gastrulation is a trait shared only with cnidari- 

ans (based on current knowledge). In all higher animals (bila- 

terians), the gastrulation begins 180° away from the animal 

pole at or near the vegetal pole of the egg. In most bilaterians, 

the sensory organs are associated with the mouth (and head), 

not 180° away from the mouth at the aboral pole, as in 

ctenophores. This aboral position of the nerve center also is 

shared with cnidarians, especially with the planula larvae of 

some anthozoans. In these larvae, a concentration of sensory 

cells occurs at the aboral pole and forms a conspicuous 

sensory tuft. Perhaps the ctenophores diverged, by pedomor- 

phosis (Chapter 4), from such a planula-like ancestor? 

A ctenophore relationship with flatworms (or bilateiians 

in general) has been suggested because both have a mesoder- 

mal musculature (myocytes in the connective-tissue compai t 

ment = mesoglea; Fig. 8-10A) and because the platyctenid 

ctenophores superficially resemble certain flatworms. Although 

myocytes, as we have seen, also occur in cnidarians (such as 

cubopolyps), those of ctenophores and most higher animals 

originate from endomesoderm. The body similarity of 

platyctenids and platyhelminths is probably superficial. The 

creepsole of platyctenids arises from the distended lining of the 

pharynx, whereas the sole of platyhelminths receives no contri- 

butions from the pharyngeal lining. 

At present, molecular systematic studies of ctenophores aie 

inconclusive. Some suggest that ctenophores are the sister taxon 

of sponges while others, in agreement with comparative mor- 

phology, place ctenophores between cnidarians and bilateral 

animals (Fig. 8-15). 
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FIGURE 8-15 Phylogeny of Eumetazoa. 1, Eumetazoa: two 

embryonic germ layers (ectoderm, endoderm) —dipiobiastic; two 

adult epithelia (epidermis, gastrodermis); embryonic axis corresponds 

to adult oral-aboral axis; multifunctional coelenteron (digestion, 
absorption, circulation, volume regulation, skeletal function 

[hydrostasis]) with single opening to exterior (mouth/anus/gonopore); 

nerve net; musculature of epitheliomuscular or myoepithelial cells, 

endodermal gonads. 2, Cnidaria: cnidae; polypoid body form; planula 

larva. 3, Triploblastica: endomesodermal myocytes; three embryonic 

germ layers (ectoderm, mesoderm, endoderm)—triploblastic. 

4, Ctenophora: biradial symmetry; collocytes on pair of retractile 

tentacles; aboral organ; ctenes in comb rows; ciliary rosettes; 

photocytes. 5, Bilateria: bilateral symmetry; adult anterior-posterior 

axis typically departs from embryonic axis; dorsal and ventral 

surfaces structurally and functionally distinct; nervous concentration 

associated with anterior end; filtration excretory organs 

(protonephridia and metanephridia, see Chapter 9). 
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D he vast majority of animals on Earth, and certainly the 

most familiar, are those that exhibit bilateral symmetry. In 

this huge taxon, known as Bilateria, are found the flatworms, 

molluscs, crustaceans, insects, echinoderms, and chordates, to 

name only a few. As compared with sponges, cnidarians, and 

ctenophores, bilaterians enjoy an unparalleled diversity and 

adaptive success. They account for over 99% of all animal 

species and have radiated and flourished in the sea, in fresh 

water, on land, in air, and recently one species, our own, has 

entered outer space. Their sweep of adult body sizes extends 

from less than 100 pm, the size range of larger protozoans, 

to 15 m (giant squid) and beyond 30 m (blue whale). In gen- 

eral, the microscopic species are of simple design, some not 

exceeding the tissue level of organization, while many large- 

bodied forms have multiple organs and complex organ 

systems. The astonishing range of body size and complexity, 

moreover, includes both solitary and colonial growth forms, 

the latter achieving complexity through zooid polymorphism. 

Unique to bilaterians is the evolution of social behavior, which 

emerged independently in insects and vertebrates, and con- 

tributes to their success. The potential of social organization 

was further realized some 10,000 years ago when humans 

established a mutualism — agriculture—with plants and ani- 

mals and developed civilization. 

The goal of this chapter is to lay a foundation of facts, 

trends, and correlations on which to build a framework 

of principles pertaining to the bilaterian radiation. The 

descriptions of anatomy and physiology are reasonably well 

established, but the broad correlations of structure and 

function and ideas about evolution are first approaches, 

hypotheses to be examined by students and specialists alike. 

Test these hypotheses using the facts available in the remain- 

ing chapters of this book and elsewhere, but remember that 

the best sources of reliable information are the animals 

themselves. 

This chapter focuses on the key motifs of the bilaterian 

blitzkrieg. These are the nature and functional significance of 

bilateral symmetry, the enhancement of the neuromuscular 

system and locomotion, the relationship between body size 

and functional design, the developmental origin of the bilater- 

ian ground plan, and the phylogeny of bilaterians. 

BILATERAL SYMMETRY— 
ENCOUNTERING RESOURCES 

An animal’s body exhibits bilateral symmetry if only one plane 

of bisection, the midsagittal plane or midplane, produces left 

and right mirror-image halves (Fig. 9-1). Another characteris- 

tic of bilaterians is that the body is polarized along two 

perpendicular axes, the anterior-posterior (head-tail) axis and 

the dorsal-ventral (back-belly) axis. A third polarity axis, the 

proximal-distal axis, extends away from the midsagittal axis. 

The equivalence of left and right halves of the body means, 

developmentally, that bilateral symmetry is the default state 

and any departures from pure bilateral symmetry, such as the 

enlargement of either the right or left claw of a fiddler crab, 

requires a new developmental command and additional 

genetic information. 

To arrive at a hypothesis for the adaptive significance of 

bilateral symmetry, consider a contrast with the radially 

symmetric cnidarians. Whether a benthic polyp or pelagic 

medusa, most cnidarians are oriented vertically along the 

surface-to-bottom, substrate-to-water, or solar-gravitational 

environmental gradient (Fig. 9-2A,B) and their bodies are 

polarized along this gradient: For polyps, the feeding struc- 

tures are above, the attachment surface below; for medusae, 

the buoyant bell is above, the feeding structures below. On 

the other hand, the environment is more or less uniform 

horizontally around the circumference of the body. For this 

reason, body parts are distributed regularly around the body 

circumference, and this is the hallmark of radial symmetry. 

Among cnidarians, departures from radial symmetry occur 

most clearly in animals such as sea pens, which suspension 

feed in a unidirectional current (Fig. 7-40B). These animals 

are confronted with two perpendicular gradients, the vertical 

substratum-water gradient and the horizontal upstream- 

downstream current gradient. As a result, the body is polar- 

ized along both gradients to cope with the consistently 

different challenges and opportunities provided by each. 

Such polarization of structure and function along two per- 

pendicular axes is correlated with the bilateral symmetry of 

sea pens and bilaterians. 

Bilaterian bilateral symmetry may have evolved when 

radial animals began to move along a surface, probably the 

interface between water and substratum. Because an inter- 

face is actually a very steep gradient, a body moving along 

such an interface has a consistent orientation with respect 

to two perpendicular gradients: (1) the horizontal locomo- 

tory gradient along the interface and (2) the vertical (water- 

substratum) gradient (Fig. 9-2C). Polarization of the body 

along the locomotory gradient resulted in the anterior- 

posterior body axis. The anterior end was adapted to sense 

the oncoming environment and to transmit information 

posteriorly. Polarization along the vertical water-substratum 

gradient produced the dorsal-ventral axis. The dorsal side 

was adapted to conditions in the overlying water whereas the 

ventral side was specialized to interact with the substratum. 

Perhaps the dorsal surface was protective and the ventral 

surface locomotory, adhesive, or both (Fig. 9-2C). Once 

these two axes — anterior-posterior and dorsal-ventral — 

evolved and their new genetic determinants were estab- 

lished, the mirror-image proximal-distal axes of bilateral 

symmetry were the immediate and inevitable result of the 

new body geometry. 

The hypothetical transition from radial to bilateral symme- 

try is foreshadowed in several bilateral taxa of Cnidaria 

and Ctenophora. The lobate and beroid ctenophores swim 

across, rather than along, the vertical gradient in search of 

prey. The platyctenid ctenophores and sea pansies (Renilla; 

Fig. 7-40C,D) move across the substratum-water gradient on 

benthic surfaces. The cnidarian by-the-wirjd sailor, Velella, and 

the Portuguese man-of-war, Physalia (Fig. 7-67A, 7-70A) sail 

across the vertical gradient on the air-water interface at the 

surface of the sea. 

The ecological significance of movement across rather than 

along a vertical environmental gradient may be an increased 
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B Mid-sagittal plane 

FIGURE 9-1 Bilateria: symmetry planes arid body axes. Animals 

are bilaterally symmetric when only one plane (the vertical plane, A) 
divides the body into mirror-image halves and when the body is 

polarized along two perpendicular axes: the anterior-posterior axis 

and the dorsal-ventral axis. Anterior refers to the head end, posterior 

to the tail, dorsal to the upper surface, and ventral to the belly 

side. Any plane that divides the body into left and right sides is 

called a sagittal plane. When a sagittal plane passes through the 

midline of the body, it is called a midsagittal plane, or midplane 

probability of encountering food. Organisms in general, and 

food organisms in particular, are not distributed uniformly but 

in isolated patches, especially on substrates and other inter- 

faces. Horizontal movement probably improved the chance of 

locating these patches. 

(B). A proximal-distal axis occurs on each side of the midplane. 

The midplane is the only plane that produces mirror-image body 

halves. The term lateral is used in reference to the left or right side 

of the body. A plane that divides across the long axis of the body, as 

you would slice a loaf of bread, is the cross-sectional plane (D). If 

the body is divided into dorsal and ventral halves, as you would 

slice a submarine sandwich, the surfaces are cut in the frontal 

plane (C). 

If bilateral animals first evolved on the sea bottom, they 

quickly radiated into all environments and habitats. Among 

these environments, bilateral symmetry is most striking in 

taxa that move horizontally across a strong vertical gradient, 

such as fish swimming in water, worms crawling over the sea 

FIGURE 9-2 Bilateria: functional origin of bilateral symmetry. 

Bilateral symmetry may have evolved in relation to environmental (solid 

arrows) and locomotory gradients (open arrows). A, The body of a 

sessile cnidarian polyp is polarized along an oral-aboral axis that parallels 

the environmental gradient. B, In a motile medusa, the body also is 

polarized along only one axis because the environmental and 

locomotory gradients coincide. C, Motile bilaterians, especially those on 

surfaces, move perpendicular to the environmental gradient. Thus their 

bodies are polarized along the locomotory (anterior-posterior) gradient 

and the perpendicular environmental (dorsal-ventral) gradient. The 

hallmark of anterior-posterior polarity is cephalization, the concentration 
of sensory organs and nervous tissue at the leading end of the body. 

Movement across the environmental gradient may have improved the 

chance of encountering food or mates. The dorsal surface is often 

modified for protection while the ventral surface may be adapted for 

locomotion and adhesion. 
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FIGURE 9-3 Bilateria: bilateral symmetry and locomotion. Bilateral 
symmetry is correlated with unidirectional locomotion, as shown in 
A for a segmented worm, or with a unidirectional current delivery of 
food to a sessile suspension-feeding animal, such as the pterobranch 
hemichordate shown in B. In motile bilaterians (A), cephalization is 
apparent, whereas sessile bilaterally symmetrical animals (B) usually 
are not cephalized. 

bottom (Fig. 9-3A), animals walking on land, or birds and 

insects flying through air. In each of these cases, the dorsal 

and ventral surfaces are distinctively specialized to cope 

with the different challenges and opportunities from above 

and below. Bilateral symmetry is less obvious and some- 

times masked in bilaterians that are secondarily either 

sessile suspension feeders or burrowers. Sessile suspension 

feeders, for example moss animals (bryozoans), feather- 

duster worms (annelids), or sea lilies (echinoderms), have 

all superimposed radial symmetry on bilateral symmetry 

(Fig 9-4). This is because radial symmetry works best for 

sessile suspension feeders unless the ambient water currents 

are unidirectional (and therefore predictable), and then 

a sea-pen-like bilateral symmetry is common (Fig. 9-3B). 

Similarly, bilaterians that burrow actively in sediments 

escape the steep gradient at the surface of the sediment, 

find themselves in a more uniform environment, and adopt 

various degrees of wormlike radial symmetry. Burrowers 

such as roundworms (nematodes), earthworms (annelids), 

and legless amphibians and lizards are good examples of 

bilaterians with a superficial, functional, external radial 

symmetry. 

FIGURE 9-4 Bilateria: radial symmetry and functional design. Sessile 
bilaterians that have an equal chance of obtaining food from all sides 
have evolved a secondary radial symmetry to meet the environment 
equally in ail directions. In these animals, suspended food particles 
are distributed more or less uniformly in all directions and a radial 
collection system, which shows no directional preference, is an effective 
adaptation for gathering food. Although bilaterians mask their bilateral 
symmetry, it is nevertheless evident in many larva! and some adult 
structures. Some motile burrowers, such as earthworms, that live in more 
or less uniform soils also have evolved a superficial radial symmetry. 

CEPHALIZATION—TARGETING 
RESOURCES 

MOTILE BILATERIA 
In contrast to most motile cnidarians and ctenophores, which 

rely on chance encounters with food and each other, bilaterians 

actively detect and pursue food, mates, and shelter with a battery 

of sensory organs and ganglia on the anterior end of the body. 

This anterior concentration of nervous tissue and sensory organs 

is called cephalization (= head development). Cephalization is 

associated with a central nervous system consisting of ante- 

rior brain and longitudinal nerve cords. The brain, the cental 

processing unit, is a bilateral concentration of neurons for the 

integration of sensory signals and their translation into motor 

commands. These commands, when mediated through the 

musculature, cause the body to turn toward food or mates and 

away from predators or unfavorable environmental conditions. 

By coupling cephalization and directional locomotion, bilateri- 

ans can detect targets and then move toward or away from them. 

The sensory organs, which usually are paired and thus 

adapted for targeting by triangulation, represent the typical 

sensory modalities of photoreception, mechanoreception, and 

chemoreception. The mouth typically is located at or near the 

anterior end, where it can ingest food that has been detected 

by the sensory organs. Bilateral longitudinal nerve cords, 

usually paired, transmit information along the length of the 
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body. In large or long bilaterians, these cords typically include 

one or more large-diameter axons, called giant axons, that are 

specialized for rapid transmission. Their large diameter and 

low resistance allows giant axons to conduct impulses rapidly, 

usually to facilitate an escape response. 

SESSILE BILATERIA 
Sessile, suspension-feeding bilaterians are not cephalized, and 

their feeding apparatus, usually a crown of tentacles, is more or 

less radially symmetric, like that of cnidarian polyps. With few 

exceptions, however, bilaterian suspension feeders, unlike 

cnidarians, actively create a water flow, usually with cilia, over 

their tentacles or other suspension-feeding surface. Cnidarian 

hydroids and bilaterian bryozoans (moss animals) are both 

suspension feeders of similar size, form, and habitat. Beginners 

often confuse them, but they are readily distinguishable by 

their activity. Using specialized cilia, bryozoans actively pump 

water and particles over their tentacles whereas hydroids 

passively wTait for food to bump into them. 

MUSCULATURE—PURSUING 
RESOURCES  

The detection and active pursuit of food and fortune requires, 

especially in large animals, a musculature dedicated to motion 

along the anterior-posterior axis. In nearly all cases, the locomo- 

tor)' muscles are obliquely or cross-striated and contract rapidly, 

unlike the smooth muscles of cnidarian polyps, which usually 

are slow. The body-wall musculature of soft-bodied bilaterians 

(worms) is arranged in circular and longitudinal muscle layers 

(Fig. 9-5). When the body is viewed in cross section, the outer 
circular musculature almost always encloses the inner longitudi- 

nal musculature (Fig. 9-5). Longitudinal muscles allow animals 

to bend and turn toward or away from their targets. Many 

worms swim or burrow through loose sediments by using their 

longitudinal muscles to generate undulatory waves along their 

bodies. In a few instances, the undulations are fishlike, but 

often they are wild writhing or lashing movements. A longitudi- 

nal musculature is used by some sedentary tube and crevice 

dwellers (Fig. 9-4) to retract into their refuges for safety and by 

others to produce swimming undulations (Fig. 9-6C). 

The alternate contraction of longitudinal and circular mus- 

cles around an enclosed fluid space produces locomotion. 
Contraction of the circular musculature causes elongation, 

whereas contraction of the longitudinal musculature results in 

shortening (Fig. 9-5A-C). These alternating movements typify 

soft-bodied animals that burrow using peristalsis, such as 

earthworms, in which both the circular and longitudinal 

muscles are more or less equally developed. 

Specialized muscles that result in precise movements are 

widespread in bilaterians, especially those with rigid exo- and 

endoskeletons. Most of these muscles will be described later, as 

they are encountered in particular taxa, but a few widespread 

muscles are noted here. A vertical dorsoventral musculature 

flattens the body and lowers its profile in many animals that 

creep over surfaces (Fig. 9-6A). In others, it flattens the body to 

improve thrust for swimming (Fig. 9-6B). Dorsoventral muscles 

typically are arranged in a series along the length of the body 

(Fig. 9-6A). Some soft-bodied bilaterians twist using a helical 
musculature, which winds around the body in two helices, one 

left-handed and one right-handed (Fig. 9-6D). 
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FIGURE 9-5 Bilateria: body-wall musculature. The basic arrangement of body-wall muscles in soft-bodied 

bilateral animals, as shown in B and the cross section (D), is an outer circular and an inner longitudinal 

musculature. These two layers have antagonistic actions: Contraction of the circular musculature causes 

elongation of the body (A), whereas contraction of the longitudinal musculature causes shortening (C). 

Longitudinal muscles alone allow the animal to bend and turn. The circular body wall muscles typically are 

positioned outside of the longitudinal muscles because the effectiveness of their action (elongation or peristalsis) 

depends on compression of the bodily tissues, including the longitudinal musculature. 
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FIGURE 9-6 Bilateria: specialized muscles. A and B, 

Dorsoventral muscles flatten the body in animals such as 

chitons (A) and nemerteans (B). Flattening expands the 

surface in contact with the substratum in creeping 

animals and thus promotes adhesion. In addition, some 

nemerteans and leeches flatten while swimming to 

expand their thrusting surfaces (B). A longitudinal 

musculature can produce swimming undulations if 

bundles on opposite body sides contract alternately and 

if an axial skeleton is present to prevent shortening of 

the body. Under these conditions, alternate contractions 

of dorsal and ventrai muscle bundles produce vertical 

undulations (B); alternate contractions of lateral bundles 

results in horizontal undulations, as in lancelets and 

fishes (C). The incompressible axial skeleton of lancelets is 

the notochord whereas in nemerteans, the rhynchocoel 

may serve the same function. In leeches (D) and other 

animals, twisting movements of the body are 

accomplished using helical muscles. 

BURROWING MECHANICS  
Burrowing in moist or submerged sediments is a common 

behavior of many invertebrates such as sea anemones and earth- 

worms. Any animal that burrows must anchor itself posteriorly in 

order to push the sediment aside without backslipping. This 

kind of anchor is called a penetration anchor because it holds 

one part of the body in place as another part penetrates and 

advances into the sediment (Fig. 9-7A). Once the leading end of 

the body has pushed forward into the sediment, it too must 

anchor itself so that the trailing end can be drawn forward 

without the leading end slipping. The anchor at the leading end 

is called a terminal anchor (Fig. 9-7B). Continuous burrowing 

thus requires sustained and coordinated alternating use of pene- 

tration and terminal anchors. 

Peristalsis is a simple way to coordinate alternation of 

penetration and terminal anchors (Fig. 9-8) and is common 

in soft-bodied animals. As a peristaltic wave passes along the 

length of a burrowing worm, longitudinal and circular 

muscles contract alternately. At points where the longitudinal 

Penetration anchor 

FIGURE 9-7 Bilateria: burrowing mechanics. Burrowers must 

establish a penetration anchor (A) to prevent backslipping while 

pushing the body into the sediment. Once the body enters the 

sediment, a terminal anchor (B) allows the trailing part of the body 

to be pulled forward into the burrow. 
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FIGURE 9-8 Bilateria: peristaltic burrowing. Peristalsis is a common means of coordinating penetration and 

terminal anchors while burrowing. During peristaltic burrowing, alternating waves of longitudinal and circular 

muscle contraction pass rearward along the body. This figure shows one complete wave of longitudinal and 

circular muscle contraction. 

musculature is fully contracted, the body shortens and widens 

to form both the penetration and terminal anchors. At points 

where the longitudinal musculature is only partly contracted, 

the body shortens without anchoring, thus pulling a section 

of the body toward a terminal anchor. In body regions where 

the circular musculature is contracted, the body elongates, 

pushing forward into the sediment. 

Not all burrowers use whole-body peristalsis. Instead, some 

use extension-retraction cycles of an eversible (able to be 

turned inside out) or protrusible (able to be made to bulge out- 

ward) appendage, such as a proboscis, pharynx, foot, or 

introvert (Fig. 9-10, 11-4, 12-5, 12-113, 13-10, 22-31). An introvert 
is a retractile head, or the anterior end of the body, that can be 

either eversible or protrusible (Fig. 9-10D,E). .Animals that 

burrow with an extensible appendage usually form the penetra- 

tion anchor while the appendage thrusts forward and enters the 

sediment. The flow of body fluid into the hollow appendage or 

the unfurling of spines causes the advancing tip to expand into a 

terminal anchor. As the appendage is retracted, usually by 

specialized retractor muscles, the trunk is pulled forward toward 

the terminal anchor. 

COMPARTMENTALIZATION— 
PHYSIOLOGICAL REGULATION 
AND SPECIALIZATION  

CNIDARIA 
An early milestone in the evolution of metazoans was the orga- 

nization of cells into epithelia. As a general rule, an epithe- 

lium separates and physiologically regulates extracellular body 

compartments for specialized functions. Before epithelia 

evolved in metazoans, such physiological control was more or 

less limited to regulation within cells, as probably occurs in 

sponges. Regulation of extracellular compartments, such as 

fluid-filled cavities, the gut, and the connective tissue, was 

probably a precondition for the evolution of specialized 

muscular, nervous, digestive, and other systems. 

Epithelial pioneers, the cnidarians invented epidermis and 

gastrodermis and used them to regulate the first two extracel- 

lular compartments, the coelenteron and the mesoglea. Gas- 

trodermis encloses and regulates the coelenteron chiefly for 

digestion. Epidermis and gastrodermis together sandwich the 

mesogleal compartment and regulate the passage of nutrients, 

gases, ions, and other substances (Fig. 9-9A,B). This control 

establishes a protected extracellular milieu in the mesoglea 

that is more attuned to muscle contraction, nerve conduction, 

and growth of gametes than is the case in either epithelium 

itself. Probably because of this, germ, nerve, and muscle cells 

of cnidarians and ctenophores tend to lose their association 

with the surface epithelia and invade the regulated mesoglea. 

Similarly, the regulatory gastrodermis controlled the type and 

concentration of substances, such as digestive enzymes, in the 

coelenteron and permitted the extracellular digestion of large 

food items. 

Although cnidarians (or ctenophores) first evolved a cavity 
for extracellular digestion, the coelenteron remains a slave to 

multiple competing functions and is not free to specialize in 

digestion alone. In addition to digestion and absorption, coe- 

lenteric functions include internal transport (circulation), 

hydrostatic support, excretion, and reproduction. Thus the 

coelenteron could not evolve into a specialized gut, as we 

generally think of it, until it divested itself of circulatory, 

hydrostatic, excretory, and reproductive functions. Where, 

then, would these nondigestive functions be housed? 
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FIGURE 9-9 Bilateria: body compartmentalization. The body of radial animals (A and B) consists of two 
epithelia, the outer epidermis and inner gastrodermis that enclose the coelenteron and mesoglea. This 
arrangement of epithelia allows for physiological regulation and specialization of these two extracellular body 
compartments. In contrast to cnidarians and ctenophores, coelomate bilaterians specialize and regulate three 
extracellular compartments, the connective tissue, the gut lumen, and the coelom. The additional compartment 
is made possible by a body design that consists of three, rather than two, epithelia. These three are the 
epidermis, gastrodermis, and mesothelium (C and D). The fact that the epithelial musculature of cnidarians is 
identical to the coelomic epithelial musculature of bilaterians (E and F) suggests that bilaterian muscles in 
general evolved from a coelomic epithelium. 

BILATERIA 
Large-bodied bilaterians evolved a new internal compartment 

separate from the gut that is called a coelom. It functions as 

a hydrostatic skeleton and has roles in circulation, reproduc- 

tion, and excretion (Fig. 9-9C,D). Because the coelom 

adopted these functions, the gut was free to specialize in 

digestion and absorption. In the meantime, part of the 

connective-tissue compartment became the hemal system 

(blood-vascular system), with roles in circulation and excre- 

tion, sometimes in hydrostatic support (Fig. 9-12, 9-13), and 

in locomotion (in spiders). Each of these compartments is 

defined and discussed in the following sections and in 

Table 9-1. The body compartments of small bilaterians vary 

and are described separately. 

Gut 

LARGE BILATERIA 

The bilaterian gut is typically a complete tube that opens to 

the exterior at both ends. It consists of mouth, foregut, 

midgut, hindgut, and anus (Fig. 9-10A). Because the gut is 

open at both ends, food can move unidirectionally through it, 

permitting regions to specialize, like workers on a disassembly 

line, in different steps in the digestive process. Each region of 

the gut is itself a different functional regulated compartment. 

The mouth and foregut are specialized for ingestion of food 

but may also grind the food and secrete digestive enzymes and 

mucus. The midgut is the site of digestion (hydrolysis) and 

absorption and the hindgut is usually specialized for the for- 

mation, storage, and egestion of feces through the anus. In 

terrestrial animals, the hindgut may also function in water 

reclamation and ion regulation. 

The foregut and hindgut develop from embryonic 

ectoderm (the stomodeum and proctodeum, respectively; 

Figure 9-10A) that unites with the endodermal midgut to 

form the complete digestive tube. In animals such as arthro- 

pods and roundworms, which have an exoskeleton secreted 

by ectoderm, the foregut and hindgut also are lined by 

exoskeleton. These cuticular skeletal linings may be spe- 

cialized as grinding, piercing, or filtering teeth in the 

foregut and as valves and other structures in the hindgut. 

The midgut develops from embryonic endoderm, which 

becomes the adult gastrodermis. The gastrodermis lacks 

a cuticle, permitting adaptation of the midgut for secretion 

of digestive enzymes and absorption of nutrients. 
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TABLE 9-1 Characteristics of Bilaterian Circulatory Systems 

System Compartment Developmental origin Lining Anatomy Pump Fluid 

Coelomic Coelom Mesoderm-coelom Mesothelium Small or large 

cavities, 

vessel-like canals 

Cilia, body-wall 

musculature 

Coelomic 

Hemal Connective tissue Blastocoel Basal lamina Tubular vessels, 

hemocoelic 

sinuses, or both 

Contractile 

vessels, heart, 

body-wall 

musculature 

Blood, 

hemolymph 

Gastro- 

vascular 

Gut Endoderm- 

archenteron 

Gastrodermis Gut tube and 

ceca 

Cilia, gut 

musculature 

Chyme 

Foregut Midgut Hindgut Introvert 
(protuded) 

Body cavity 

Mouth 

D 
Introvert retractor muscle 

Proboscis 
(everted) 

Proboscis 
(retracted) 

Stomach' 

Cecum 

Intestine. 

Midgut 

Proboscis 

Introvert (retracted) 

Body cavity 

Mouth 

FIGURE 9-10 Bilateria: gut, proboscis, and introvert. A, The bilaterian gut typically is divided into three 

general regions. Foregut and hindgut develop from invaginated ectoderm, whereas the midgut originates from 

endoderm. B, Gut specializations and proboscis. A proboscis (B and C) is a modified, mobile, preoral lobe that is 

eversible (turned inside out as it extends; B) or permanently extended (C). D and E, An introvert is an anterior 

end, including the mouth, that can be retracted into the trunk. It is either protrusible (shown) or eversible 

depending on taxon. 

The foregut is commonly specialized into two or more 

regions. The mouth sometimes opens into a buccal cavity, an 

anterior chamber, small or large, that receives the food and 

may bear teeth. This is followed by a pharynx, a long or short, 

often muscular tube (Fig. 9-10B). In many taxa, the pharynx is 

a feeding or digging organ that can be everted (turned inside- 

out) or protruded (bulged outward) through the mouth and 

then retracted. Like the buccal cavity, it sometimes bears cutic- 

ular teeth. A proboscis is sometimes confused with a pharynx, 

but it is not part of the gut. Rather, it is a preoral, prehensile 

appendage and usually the anteriormost part of the body 

(Fig. 9-10B,C). An elephant’s trunk is a familiar example of 

a proboscis. A proboscis is always a mobile appendage and, 

in some instances, also is retractable into the body (Fig. 

9-10B). If retractable, then it either is everted or protruded for 

use. The proboscis functions in food collection, locomotion, 

and defense. Food grasped by or collected on the proboscis is 

then transferred to the mouth. In some taxa, however, the 

proboscis secondarily establishes a connection to the gut. The 

last section of the foregut is the esophagus, which links 

foregut and midgut and is modestly muscular and often cili- 

ated (Fig. 9-10B). 

Midgut regions commonly include an enlarged stomach 
for digestion and a tubular intestine for the formation of 
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feces and junction with the hindgut. A digestive cecum 

(ph, ceca; = digestive diverticulum, digestive gland) is a sim- 

ple or branched outpocket of the midgut, either the 

stomach or intestine (Fig. 9-1 OB). The stomach receives 

food from the foregut and is typically the site of extracellu- 

lar digestion. When present, the digestive ceca are sites of 

intracellular digestion, absorption, and nutrient storage. 

An enlargement of the hindgut immediately before its 

junction with the anus is called a rectum (Fig. 9-10B). When 

the rectum receives not only indigestible wastes from the gut, 

but also gonoducts or excretory ducts, it is known as a cloaca 

(= sewer). Use of the names of gut regions is not standardized 

and may vary with taxon. 

SMALL BILATERIA 

The gut of most small bilaterians has a well-developed mouth, 

pharynx, and midgut, but the hindgut and anus sometimes 

are either weakly differentiated or absent. When an anus is 

absent, feces are egested through the mouth. 

Coelom 

LARGE BILATERIA 

A coelom is a fluid-filled cavity or canal lined by a mesoderm- 

derived epithelium known as mesothelium (= middle epithe- 

lium; Fig. 9-9D). The coelom is unique to Bilateria and 

provides a new, third internal compartment for physiological 

regulation and specialization. It also functions as a hydro- 

static skeleton, especially in soft-bodied worms, and in inter- 

nal transport, excretion, and reproduction. The coelom 

occupies some of the connective-tissue space between epider- 

mis and gastrodermis (Fig. 9-9D), but during its develop- 

ment, it displaces the connective tissue peripherally. Its cavity 

is filled with coelomic fluid, which is circulated by mesothelial 

cilia or contraction of body-wall muscles of mesothelial 

origin. 

Animals with a coelom are known as coelomates. The 

simplest and probably most primitive coelomic cavities are 

lined by a monolayered mesothelium composed chiefly of 

monociliated, contractile epitheliomuscular cells (Fig. 6-4A). 

This single epithelium is simultaneously the body musculature 

and the coelomic lining (Fig. 9-9D,F, 9-llA,B). A more com- 

plex, bilayered coelomic lining occurs in some invertebrate 

bilaterians and in the vertebrates. These coelomic cavities 

are lined by a thin, noncontractile epithelium called peri- 

toneum (Fig. 9-1 IE), which separates the coelomic fluid 

from the retroperitoneal (= behind the peritoneum) muscle 

and connective tissue. Developmental and comparative evi- 

dence indicate that this bilayered coelomic lining that 

includes the peritoneum evolved by stratification of the mono- 

layered mesothelium (Fig. 9-11B-E). The epitheliomuscular 

mesothelium separates into an epithelial peritoneum and 

a muscular myocyte layer. The presence of peritoneum is 

usually part of textbook definitions of a coelom, but few 

invertebrate coelomates actually have a vertebrate-like peri- 

toneum and instead have only a mesothelium. 

Myocytes 

FIGURE 9-11 Coelomate Bilateria: evolution of coelomic lining and 
body-wall musculature. B-E, pattern 1, Mesothelium initially is a 
monolayer of epitheliomuscular cells (A and B). Later (C and D), 

noncontractile epithelial cells arch up over the epitheliomuscular cells and 
separate them from direct contact with coelomic fluid. This arrangement 
is termed a pseudostratified epithelium (D) because, although the cells 
are in two layers, all cells remain attached to a common basal lamina. Still 
later (E), the noncontractile cells have separated completely from the 
contractile cells, now myocytes, and formed a new epithelium called 
peritoneum. Peritoneum separates the body-wall musculature, which 

often is well developed, from the coelomic fluid. A and F-G, pattern 2, A 
powerful musculature also can evolve directly from a monolayered 
mesothelium (A). In this case, the epitheliomuscular cells enlarge 
(hypertrophy) and eventually fill and obliterate the coelomic cavity (G). As 
a longitudinal musculature, such hypertrophied muscles may partly 
occlude the coelomic cavity, as in many annelids and acorn worms 
(Hemichordata), or completely fill it, as in lancelets (Cephalochordata). 
(A -E, Modified and redrawn from Rieger, R M., and Lombardi, J 1987. 

Ultrastructure of coelomic lining in echinoderm podia: Significance for concepts in 

the evolution of muscle and peritoneal cells. Zoomorfjhology 107:91-208.) 
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FIGURE 9-12 Coelomate Bilateria: internal 
fluid-transport systems. A, When a hemocoel 
(hemal system) is present, it constitutes the 
main body cavity and the coelomic cavities 
are small and specialized as gonadal or 
nephridal sacs. B, When coelomic cavities are 
well developed, they constitute the body 
cavity and the hemal system is confined to 
vessels and small sinuses. 

Bilateral pairs of coelomic cavities contribute to the forma- 

tion of segments, or somites, a series of similar modules along 

the length of the body (Fig. 9-12B). Typically, there is one pair 

of coelomic cavities per segment, as in each of the many 

segments of an earthworm. Left and right cavities surround and 

approach each other above and below the gut. At the point of 

contact, the abutting walls of the two cavities form a longitudi- 

nal partition in the midsagittal plane called a mesentery 
(Fig. 9-9C,D). A dorsal mesentery is situated above the gut, 

a ventral mesentery below. A septum (Fig. 9-9C) is a transverse 

partition, resembling a bulkhead in a ship or an airplane, 

between successive pairs of cavities. Septa and mesenteries 

divide the segmented coelom into separate fluid-filled compart- 

ments (Fig. 9-12B), each of which may be regulated, by virtue of 

its lining epithelium, for a particular specialized function. 

Specialized coelomic cavities, for example, often enclose 

gonads as genital coeloms (gonocoels) or enclose a heart as 

a pericardial cavity. The pleural, pericardial, and abdominal 

caviues of mammals are also specialized coelomic cavities. 

Coelomic fluid has not been as well analyzed as blood, but, 

in general, it contains water, ions, low-molecular-weight solutes, 

and cells. Overall, it differs from blood in having a low, rather 

than a high, protein concentration. In some coelomates, germ 

cells are released from the gonad into the coelomic fluid. 

There they take up nutrients, grow, and complete their differ- 

entiation into gametes. The mesothelium is responsible for reg- 

ulating the composition of the coelomic fluid for the growth 

and maintenance of the gametes. Other free cells of various 

functions, collectively called coelomocytes, originate from the 

mesothelium and circulate in the coelomic fluid. Phagocytic 

coelomocytes police the coelomic fluid for bacteria and other 

foreign or unwanted material. Respiratory proteins such as 

hemoglobin often are found in the coelom, but in contrast with 

their occurrence in invertebrate blood, they are invariably intra- 

cellular in coelomocytes. 

SMALL BILATERSA 

Small-bodied bilaterians generally lack a coelom altogether or 

the coelom is represented only as the gonadal cavity (gono- 

coel) or cavity of the excretory organs (nephrocoel). Because 

a large, fluid-filled cavity is absent and the body is more or less 

solid, these animals are described as compact, or acoelomate. 

Hemal System 

LARGE BILATERIA 

A hemal system is a specialized part of the connective-tissue 

compartment that consists of interjoined vessels and cavities 

through which a fluid, the blood, circulates (Fig. 9-12B, 9-13A). 

Because the hemal system (and the connective tissue of which 

it is a part) is sandwiched between the bases of opposing 

epithelia, the vessels and cavities are lined solely by the basal 

lamina of those epithelia (Fig. 9-13A). In cnidarians and 

ctenophores, the connective tissue (mesoglea) is always gelati- 

nous, not fluid, and is skeletal in function (Fig. 9-9A,B). Gas 

and nutrient transport through mesoglea is by diffusion, not 

convection. Only bilaterians have a hemal system in which 

there is convective transport (flow) of liquid connective-tissue 

fluid (blood). Connective tissue in general, and the bilaterian 

hemal system in particular, arise developmentally from the 

embryonic blastocoel. 

Hemal vessels and cavities range widely in size. Small tubu- 

lar channels are called vessels (or blood vessels, including 

arteries, veins, capillaries), saclike cavities are sinuses (Fig. 9- 

13A), and a large sinus that becomes the principal body cavity 

is known as a hemocoel (= pseudocoel; Fig. 9-12A). In large 

bilaterians the presence of a hemocoel is correlated with an 

exoskeleton, probably because the exoskeleton appropriates 

skeletal function from the coelom, reducing its degree of 

development. Coelomic reduction is offset by enlargement of 
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FIGURE 9-13 Bilateria: hemal system and blood vessel histology. Invertebrate and vertebrate blood vessels 
are both fluid-filled channels in the connective-tissue compartment. A, The blood of most invertebrates is in 
direct contact with structural connective tissue, especially the basal lamina of the overlying epithelial cells. 
B, The blood of vertebrates, cephalopod molluscs, and a few other taxa is separated from the basal lamina by 
a new endothelium that lines the vessels, controls transport across the vessel wall, and facilitates flow within the 
vessels. (A, Modified from Nakao, T. 1974. An electron microscopic study of the circulatory system in Nereis japonica. 
J. Morphol. 144:217-236; B, Modified from Welsch, U., and Storch, V 1976. Comparative Animal Cytology and Histology. 

University of Washington Press, Seattle. 343 pp.) 

the connective-tissue compartment, which often becomes an 

elaborate hemocoel. Structurally, vessels, sinuses, and hemo- 

coels differ only in size. All of them are lined only by basal 

lamina and are filled with blood (Fig. 9-13A), sometimes 

called hemolymph in bilaterians with a hemocoel. Vertebrates 

and a very few invertebrates such as squids have evolved a sec- 

ondary epithelium, the endothelium (Fig. 9-13B), that lines 

their blood vessels. 

Where blood vessels pass through mesenteries and septa, 

they are overlain by mesothelium, from which derives a circu- 

lar musculature (Fig. 9-17). Peristaltic contraction of this 

musculature pushes the blood along in waves. Often, the 

musculature is localized and thickened into one or more spe- 

cialized hearts (Fig. 9-15). As a general rule, muscular con- 

tractions circulate blood, whereas cilia circulate coelomic 

fluid. 

Blood consists of noncellular plasma, which contains 

water, ions, proteins, and other substances. When present, 

cellular hemocytes (corpuscles) circulate with the plasma. 

The blood may be colorless or pigmented if respiratory pig- 

ments are present. Respiratory pigments, such as hemoglo- 

bin, are sometimes small intracellular molecules contained 

in hemocytes, but usually are large extracellular molecules 

dissolved in the plasma. The protein concentration of blood 

is higher than that of coelomic fluid chiefly because of the 

plasma proteins and extracellular respiratory pigments. 

SMALL BILATERIA 

A hemal system is either absent in small bilaterians or present 

as a hemocoel, especially in taxa with an introvert. In the latter, 

the hemocoel not only provides a cavity for internal transport, 

but also a space into which the introvert can be retracted and 

a hydraulic mechanism for introvert extension (Fig. 9-10D,E). 

INTERNAL TRANSPORT  

LARGE BILATERIA 
The fluid-transport systems of large bilateral animals are the 

coelomic and hemal systems. They often co-occur in animals 

with bodies composed of two or more segments (or zooids in 

colonial organisms; Table 9-2, Fig. 9-14C,D). 

Circulation of coelomic fluid, by cilia or muscle, often is 

important for internal transport. In rare instances when the 

coelom is large, undivided, and extends throughout the 

body, it constitutes the sole circulatory system (Fig. 9-14A,B). 
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TABLE 9-2 Bilaterians: Correlations of Size and Design 

Size and Form Body Cavity 

Compact Hemocoel Coelom Coelom + Hemal System 

Mosdy small, 

no introvert 

Gnathostomulida 

Platyhelminthes 

Mesozoa 

Gastrotricha 

Nematoda1 

Nematomorpha 

Ainelida (e.g., Dinophilidae) 

Mosdy small, 

introvert 

Priapulida2 

Loricifera 

Kinorhyncha 

Rotifera 

Acanthocephala 

Tardigrada3 

Cycliophora 

Kamptozoa4 

• 

Mosdy large, 

introvert, 

no segments 

Nemertea 

Sipuncula 

Annelida (Glyceridae) 

Mostly large, 

with or without 

introvert, 

two or more 

segments 

Mollusca5 

Annelida (most spp.) 

Echiura 

Panarthropoda 

Phoronida 

Brachiopoda6 

Bryozoa' 

Hemichordata 

Echinodermata 

Chordata 

Chaetognatha8 

‘Only large-bodied nematodes, such as Ascaris, have a hemocoel. 2Depending on species, priapulids may 

be microscopic or large. 3Tardigrades lack an introvert, but have four pairs of retractile, telescoping 

legs. 4Kamptozoans (entoprocts) lack an introvert, but have hollow, retractile tentacles. Segmentation 

in molluscs is a matter of ongoing debate. 6Brachiopods may not be segmented. 7Bryozoan zooids are 

tiny, but the colonial bodies can be large. 8Chaetognaths are small animals. 

In most coelomates, however, the coelom is divided into two 

or more segmental coelomic cavities by septa and mesenter- 

ies. As a result of these divisions, coelomic fluid is restricted 

to each compartment and cannot flow between them (Fig. 

9-12B). Substances, such as nutrients and gases, dissolved in 

the coelomic fluid cross between cavities only by diffusion or 

active transport across their epithelial walls (Fig. 9-14C,D). 

Thus, when multiple coelomic cavities occur in one organ- 

ism, coelomic circulation is effective for local transport only. 

Another system, one adapted for whole-body transport, is 

required. 

The hemal system is the through-transport system of the 

body. Its blood-filled vessels and sinuses are in the connective- 

tissue compartment, which is continuous around and between 

all tissue layers of the body (Fig. 9-12B, 9-1 T V 9-14C). Each 

blood vessel or sinus passes between epithelia—in the body wall 

between the epidermis and mesothelium, in the gut wall 

between the gastrodermis and mesothelium, or in mesenteries 

and septa between two sheets of mesothelium (Fig. 9-12B, 

9-13A, 9-14C). The blood itself, although part of the connec- 

tive tissue, lacks the fibers and molecules typical of the 

structural connective tissue. As a result, the blood is fluid and 

it flows (Fig. 9-12B). 

The bilaterian hemal system adopts many forms, but 

there are two general types of circuits: parallel and series. In 

a parallel circuit, the major vessels form an elongate loop — 

dorsal vessel above, ventral vessel below—in the midsagittal 

plane (midplane) of the body (Fig. 9-15A). Between the 

dorsal and ventral vessels is a sequence of parallel vertical 

vessels and capillaries supplying the various organs of the 

body. As blood is pumped along the loop vessels, some 

is shunted into each of the parallel capillary beds. A parallel 
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FIGURE 9-14 Bilateria: internal transport by convection and 

diffusion. A-D, large bilaterians: Functional significance of two 

convective circulatory systems, coelomic and hemal, in one organism. 

A and C are two large coelomate bilaterians partly buried in oxygen- 

free (anoxic) sediment. The two appendages are gills extending into 

the oxygen-rich water overhead. Oxygen (broken arrows) enters the 

body by diffusion across the gills and nutrients (open arrows) enter 

from the localized absorptive region of the gut. Once inside, simple 

diffusion is not rapid enough to transport the oxygen and nutrients 

throughout the body to the consuming tissues. The animals instead 

require a convective circulatory system (solid arrows) for internal 

transport. A and B (cross section of A), A few bilaterians have a 

continuous, unpartitioned coelom throughout the body. In these 

the coelomic fluid circulates globally, reaching within diffusion 

distance of all body tissues. Here the coelom is the sole circulatory 

system and a hemai system is absent. In most coelomate bilaterians, 

however, the coelom is partitioned by septa and mesenteries into 

segments, as shown in C (cross section in D), and these restrict the 

coelomic circulation to local segmental circuits. For whole-body 

(global) transport, these animals have evolved a hemal system, which 

consists of blood-filled vessels ands sinuses in the connective tissue 

(shaded) of septa, mesenteries, and body wall. E and F, small, 
compact bilaterians: Small size and a flat, two-dimensional shape 

permit a diffusional supply of oxygen across the body (gill) surface 

and both coelomic and hemal transport systems are absent. Lacking 

a circulatory system other than ciliary flow in the gut, the absorptive 

regions of the gut branch throughout the body within diffusion 

distance of tissues and organs. 

circuit occurs chiefly in hemal systems composed of 

vessels and small sinuses. A series circuit is associated with 

bilaterians, such as molluscs and arthropods, having a hemo- 

coel (Fig. 9-15B). The hemocoel constitutes the body cavity 

and surrounds the gut and other organs, which essentially 

extend through or bulge into it. If a heart is present, blood 

flows chiefly in an elongate loop in the midplane of 

the body. As the blood circulates, it encounters each of the 

organs one after the other, in series, before returning to its 

starting point, usually a heart. Along the way, nutrients 

acquired by blood from the intestine, for example, are 

delivered first to organ 1, then organ 2, then organ 3, and 

so on. This means that organ 1 is first in line for the highest 

concentration of nutrients, organ 2 receives less, organ 

3 still less. In contrast to a parallel circuit, which delivers 

equal concentrations of substances to each of its organs, the 

delivery is unequal in a series circuit. As a result, some 

bilaterians with a series circuit undergo periodic heartbeat 
reversal, which reverses the direction of blood flow and 

places the organ that was previously last in the series first. 

Heartbeat reversal may be an adaptation to average the 

distribution of substances to organs arranged in series. 

SMALL BILATERIA 
A fluid-transport system may be absent in small-bodied bilateri- 

ans or present as a gastrovascular system or a hemocoel. Many 

small, compact, cylindrical bilaterians lack both coelomic and 
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FIGURE 9-15 Bilaterian hemal system: parallel and series blood circuits. A, In a parallel circuit, the main loop 

consists of a dorsal and ventral vessel joined together by a sequence of parallel shunts, each of which supplies 

a major organ or tissue. In this example, the blood acquires nutrients from the gut and delivers them in equal 

concentrations (shading) to other organs in the circuit. B, In a series circuit, the hemocoel (a large hemal sinus) 

is the body cavity and organs bulge into it (brain, gonad, nephridium) or extend through it (gut). As blood flows 

(as shown by the arrows), it encounters the organs, in series, one after the other. Nutrients acquired from the 

gut are distributed in declining concentrations (shading) first to the heart, then the brain, and so on. Some 

bilaterians with a hemocoel correct this unequal distribution of nutrients by periodically reversing the direction 

of heartbeat and blood flow. 

hemal systems, and diffusion delivers gases and nutrients to all 

parts of the body. The fluid-filled extracellular spaces, collec- 

tively called interstitium, are minute crevices in which there is 
no convective circulation. 

The tissue-thin body of compact, flat bilaterians is suited for 

gas transport by diffusion, but for nutrients, the distance from 

the central gut to the body margin exceeds the limit of simple 

diffusion. As a result, the gut of flat, compact bilaterians typi- 

cally develops outpockets called ceca (sing., cecum) that deliver 

nutrients to the periphery of the body (Fig. 9-14E,F). The gut 

itself becomes a circulatory system, called a gastrovascular sys- 
tem, that transports fluid and nutrients, together known as 

chyme (pronounced kime). Gastrovascular circulation results 

from the action of gastrodermal cilia or contraction of the gut 

musculature. Developmentally, a conventional gut or gastrovas- 

cular system arises from the embryonic archenteron. The coe- 

lenteric circulatory system of cnidarians and ctenophores is an 

example of a gastrovascular system that we have already dis- 

cussed in earlier chapters. 

Tiny bilaterians with an introvert usually have a hemocoel 

(Table 9-2). In these, a heart is typically absent and the blood 

is circulated chiefly by muscles of the gut and body wall. 

GAS EXCHANGE AND 
RESPIRATORY PIGMENTS  

LARGE BILATERIA 
Large bilaterians have enlarged, specialized surfaces for gas 

exchange. Among aquatic bilaterians, these are usually evagi- 

nations of the body surface, or gills, although there are 

exceptions. Terrestrial animals lack gills, but usually have 

lungs or other systems of ventilated air-filled tubes (tracheae). 

Oxygen that diffuses across a surface may be transported in 

physical solution in plasma or coelomic fluid or it may bind to 

a respiratory pigment in those fluids. A respiratory pigment 

increases the oxygen-carrying capacity of the blood or 

coelomic fluid. Three different respiratory pigments — hemo- 

globin, hemerythrin, and hemocyanin—appear sporadically 

in Bilateria. Hemoglobin is widespread among bilateral 

animals and even occurs in plants, hemocyanin is limited to 

molluscs and arthropods, and hemerythrin is rare, being 

found only in a few taxa (inarticulate brachiopods, magelonid 

polychaetes, sipunculans, and priapulids). All respiratory pig- 

ments have the ability to react reversibly with oxygen, binding 

it when oxygen tension is high and releasing it when tension 

is low. 

A hemoglobin molecule consists of two parts: heme, a por- 

phyrin ring with an iron atom at its center, and a protein 

called globin (Fig. 9-16A). The number of globins and hemes 

varies widely in different hemoglobins, but in all of them 

a molecule of oxygen binds with each heme. An important 

function of globin is to prevent oxygen from binding too 

tightly to the heme so that the reaction is reversible and oxy- 

gen can be released to the tissues. Cellular hemoglobin com- 

monly occurs in coelomic cavities and extracellular hemoglo- 

bin is in blood plasma, but there are a few exceptions. 

Extracellular hemoglobins typically are large, high-molecular- 

weight molecules whereas intracellular hemoglobins are small 

molecules. The extracellular occurrence of a few large, osmot- 

ically active molecules rather than many small ones may be 

necessary to keep the osmotic concentration of the blood 

within reasonable limits, but perhaps also to prevent loss of 

the molecules during ultrafiltration (see below). Most hemo- 

globin is red when oxygenated, but one variant, chloro- 

cruorin, is green. 

A molecule of hemerythrin, like hemoglobin, uses iron 

atoms to bind oxygen, but unlike hemoglobin, there is no 

heme and the two iron atoms are bound directlv to the 
/ 
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FIGURE 9-16 Bilateria: respiratory pigments. Respiratory pigments 

are all complexes of metal (iron or copper) and protein. Although 

oxygen actually binds to the metal and not the protein, the protein 

regulates the tightness of the bond and thus the delivery of oxygen to 

tissues. Hemoglobin (A) and hemerythrin (B) both contain iron and 

are similar in size and shape (myoglobin and myohemerythrin are 

shown). In hemoglobin, one iron atom is bound to heme (pentagons), 

whereas in hemerythrin two iron atoms are bound directly to the 

protein. The amino acid sequences of the two molecules are also 

different. Both molluscs and arthropods have large, copper-based 

hemocyanins, but the pigments are not homologous in the two taxa. 

Molluscan hemocyanin (C) is a large cylindrical molecule, whereas 

arthropod hemocyanin (D) is a smaller (but still large) hexamer 

(shown) or dodecamer. (A, Redrawn from Dickerson, R. E., and Geis, I. 

1983. Hemoglobin. The Benjamin Cummings Publ. Co., Inc., Menlo Park, NJ. 

176 pp.; B, Modified and redrawn from Klippenstein, G. L. 1980. Structural 

aspects of hemerythrin and myohemerythrin. Am. Zool. 20:39-51; C, Drawn 

from micrograph in Magnum, C. 1985. Oxygen transport in invertebrates. 

Am. J. Physiol. 248:R505-R514, D, Redrawn from Linzen, B. et al. 1985. 

The structure of arthropod hemocyanins. Science. 229:519-524.) 

protein (Fig. 9-16B). Hemerythrin always occurs in cells and is 

never free in plasma or coelomic fluid. It is pink or violet 

when oxygenated and colorless when deoxygenated. 

Hemocyanin binds a molecule of oxygen between a pair 

of copper atoms. The many pairs of copper atoms are 

bound directly to the protein part of the molecule and 

a heme is absent. Hemocyanin only occurs as large extracel- 

lular molecules and is never found in cells (Fig. 9-16C,D). 

It is ethereal blue when oxygenated and colorless when 

deoxygenated. 

Because they chemically bind oxygen, respiratory pig- 

ments increase the capacity of blood, coelomic fluid, or 

tissue to transport or store oxygen. Such enhanced oxygen 

transport is important when metabolic oxygen demand is 

not met by the supply of oxygen dissolved in blood plasma, 

coelomic fluid, or cellular tissues. Thus respiratory pigments 

tend to be associated with animals that have a high oxygen 

demand (active animals), occupy oxygen-poor habitats (bur- 

rowers), or have metabolically active tissues, such as muscle 

(myoglobin) or nerve (neuroglobin). 

Functionally different forms, with different oxygen affini- 

ties, of the same respiratory pigment often occur in different 

body compartments of the same animal. For example, there 

may be one hemoglobin in the blood, another in the 

coelom, and yet another in a tissue such as muscle or nerve, 

each with a different protein component (globin) that 

determines the affinity of the hemoglobin for oxygen. Being 

part of the connective tissue below the skin, the blood is clos- 

est to the environmental source of oxygen, the coelom is 

next closest, and the target tissue is most distant (Fig. 9-14C). 

For oxygen to be transported from blood hemoglobin to 

coelomic hemoglobin to muscle hemoglobin, for example, 

the different hemoglobins must be arranged in order of 

increasing oxygen affinity. Muscle hemoglobin has the high- 

est affinity for oxygen, blood the lowest, and coelomic is 

intermediate. Thus blood binds environmental oxygen, 

coelomic hemoglobin removes it from blood, and muscle 

strips it away from the coelomic pigment. This stepwise 

arrangement of affinities, from low to high as one moves 

from outside to inside the animal, creates a cascade down 

which oxygen is transferred from blood to coelom to tissues. 

The electron carriers of muscle mitochondria have even 

higher affinities for oxygen. Hydrogen itself, at the end of 

the electron-transport chain, has the highest affinity of all. 

SMALL BILATERIA 
Small bilaterians lack specialized gills and use the entire 

body surface for gas exchange. Respiratory pigments occur 

rarely, only as hemoglobin, and usually in fixed, noncirculat- 

ing cells. In the few studied cases, the hemoglobin functions 

in oxygen storage for use when the animal enters an anoxic 

environment. 
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EXCRETION 

GENERAL 
Excretion maintains the body’s internal constancy (homeosta- 

sis) by the elimination of excess substances (or their metabolic 

by-products) that enter the body. Such substances may be 

water, salts, and by-products of cellular metabolism, especially 

nitrogenous wastes. In most aquatic invertebrates, nitrogen 

from protein metabolism is excreted as ammonia. Although 

highly toxic, it is soluble in water, diffuses across the body 

surface (often across gills), and is diluted and carried away by 

currents. 

Water tends to enter or leave the body of aquatic organisms 

by osmosis. The solutes in coelomic fluid and blood, includ- 

ing plasma and respiratory proteins, are osmotically active. 

Together, these solutes may raise the osmotic concentration of 

extracellular body fluids above that of the surrounding water, 

even if it is seawater. So water enters by osmosis and the body 

must work to offset its water load. Bilaterians accomplish this 

by pumping the water back out with ciliated tubules called 

nephridia (= little kidneys). This outflow is also used to 

discard metabolic wastes, excess ions, spent hormones, and 

perhaps toxins ingested with food. The result is a waste prod- 

uct called urine. 

LARGE BILATERIA 
Several types of nephridia—filtration, secretion, and storage — 

occur in bilaterians. Bilaterians in which urine formation 

includes an ultrafiltration step are said to have filtration 
nephridia. In these, urine is formed in three steps: ultrafiltra- 

tion, modification, and release. Ultrafiltration produces a 

protein- and cell-free filtrate of blood called primary urine by 

forcing blood, under pressure generated by heart or vessel 

contraction, through a macromolecular filter. The primary 

urine then enters the coelom, which is drained by paired 

ciliated tubules, typically one pair per segment. These tubules, 

known as metanephridia, open from the coelom at a ciliated 

funnel, the nephrostome, and to the exterior at a nephridio- 

pore. The coelomic mesothelium and the cells lining the 

metanephridium modify the primary urine by selective reab- 

sorption and secretion to secondary, or final, urine, which is 

released at the nephridiopore. 

Ultrafiltration occurs at a specialized hemal site or sites, 

which, if well developed, are called glomeruli (sing., glomeru- 

lus). At such sites, the mesothelium includes modified cells 

called podocytes (= foot cells; Fig. 9-17) that create gaps in 

the otherwise unbroken mesothelium. Pressurized blood 

would flow freely across these gaps into the coelom were it not 

for the mesothelial basal lamina, which is the sole barrier to 

FIGURE 9-17 Bilaterian excretion: metanephridial system. A metanephridial excretory system consists of 

an ultrafiltration site on a blood vessel (indicated by podocytes), a coelom, and a tubuie (metanephridium) 

that leads to the exterior. Muscular contraction of the blood vessel pressurizes the blood, forcing a cell- and 

protein-free ultrafiltrate (primary urine) across the podocyte layer and basal lamina (ultrafilter) into the coelom. 

Coelomic cells, including gametes, probably reabsorb nutrients from the primary urine, but the ciliated 

metanephridia are the chief sites for selective reabsorption and secretion, where the primary urine is converted 

to final urine. Urine is released from the nephridiopore. 
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this flow. This mesh of collagen fibers constitutes the ultrafil- 

ter. It retains cells and proteins in the blood, but allows pri- 

mary urine—water, ions, and small molecules, including 

nutrients, hormones, and toxins (in other words, plasma 

minus proteins)—to enter the coelom and ultimately the 

metanephridia. 

The primary urine is modified to final urine by reabsorp- 

tion and secretion. These processes occur chiefly in the 

metanephridium, but reabsorption also may occur in the 

coelom. Reabsorption is the selective recovery, by pinocytosis 

and macropinocytosis, of useful metabolites from the primary 

urine. Other metabolites, including ingested toxins, are 

ignored and thus exit the body without the cost of active trans- 

port. Primary urine also is modified by the active secretion of 

specific wastes into it (Fig. 9-17), for example uric acid 

(a breakdown product of nucleic acids). The metanephridium 

typically is a secretion site for urates, organic acids, and other 

waste compounds. Because secretion, unlike ultrafiltration, 

moves a specific metabolite and very little water from blood to 

urine, it is often employed as the predominant or sole mode 

of urine formation, replacing ultrafiltration, in semiterrestrial 

and terrestrial animals. Such secretion kidneys will be 

discussed later. 

A filtration nephridium that includes a hemal filtration site 

with podocytes, a coelom, and a metanephridium is called 

a metanephridial system. Metanephridial systems typify most 

large bilaterians, including the terrestrial molluscs and verte- 

brates (Fig. 9-18), but not insects, which have evolved 

a unique secretory kidney, the Malpighian tubule. 

SMALL BILATERIA 
The excretory organs of small bilaterians, although they are 

filtration nephridia, differ in design from a metanephridial sys- 

tem and are called protonephridia (Fig. 9-19). A protonephrid- 
ium is a ciliated excretory tubule that opens to the exterior at 
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FIGURE 9-18 Bilaterian excretion: body design and the occurrence of metanephridial systems. 

Metanephridial systems usually occur in large bilaterians with both coelomic and hemal compartments. (From 

Ruppert, E. E., and Smith, P. R. 1988. The functional organization offiltration nephridia. Biol. Rev. 63:231-258. 

Reprinted with the permission of Cambridge University Press.) 
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FIGURE 9-19 Bilaterian excretion: protonephridia. As in metanephridial systems, protonephridial excretion is 
a two-step process involving ultrafiltration and modification (reabsorption and secretion) to form final urine. 
In protonephridia, ultrafiltration occurs across the wall of a terminal cell, which resembles a single podocyte 
attached to the inner end of the nephridial tubule. The flagellum (or flagella) on the terminal cell is believed to 
create the pressure difference for ultrafiltration. As ultrafiltrate (primary urine) enters the tubule, it is modified 
by reabsorption to final urine, which is transported to the exterior by cilia on the tubule lining. 

a nephridiopore but is capped at its internal end by a special- 

ized, flagellated terminal cell. The terminal cell resembles 

a podocyte grafted onto the inner end of a nephridial tubule. 

The modified surface of the terminal cell creates gaps, bridged 

by basal lamina, between the extracellular body compartment 

and the lumen of the protonephridial tubule. The terminal-cell 

flagellum (or flagella) and cilia in the tubule move fluid from 

the body, across the basal lamina ultrafilter, and into the tubule. 

Once in the tubule, the primary urine is modified to final urine 

and released at the nephridiopore. 

Protonephridia occur in animals that lack blood vessels, 
a coelom, or both. These are typically bilaterians with only 

one unpartitioned, extracellular body cavity. Most are small- 

bodied animals with an interstitium or hemocoel as the sole 

body cavity, but a few are large animals in which one body 

cavity (usually the coelom) is continuous and unpartitioned 

(Fig. 9-19). Because ultrafiltration requires the juxtaposition of 

two fluid-filled compartments separated by an ultrafilter, those 

with only one body cavity position the ultrafilter on the inner 

end of the nephridial tubule between the body and nephridial 

lumen (Fig. 9-19). 

A protonephridium may be capped by one or many terminal 

cells, and each terminal cell can bear one or many flagella. The 

flagella beat in undulatory, planar waves propagated from base 

to tip. When multiple flagella are present, their synchronized 

beat resembles a minute, flickering candle flame. A terminal 

cell with one flagellum is called a solenocyte, those with many 

are either a flame cell or flame bulb. A flame bulb has its 

nucleus offset to one side of the flame and is typical of rotifers 

(Fig. 9-20). A flame cell bears its nucleus at the base of the 

flame and can be found in many flatworms (Fig. 9-20). 

Filtration nephridia are unique to Bilateria. Their origin 

was probably necessitated by the commitment of tissues and 

organs—muscles, gonads, coeloms, nerves — to the middle 

layer of the body, between epidermis and gastrodermis. Sand- 

wiched between these two epithelia, which form a diffusion 

barrier between the middle layer and the exterior, nephridia 

evolved to provide a flow from the isolated interior to the 

outside. Again, this is foreshadowed by the ctenophores, 

which have a mesogleal musculature and ciliary rosettes that 

link the mesoglea to the exterior. 

REPRODUCTION AND 
DEVELOPMENT  

SEXUAL REPRODUCTION 
Bilaterian germ cells and gonads originate from mesoderm. 

The gonads adopt three general forms depending on body 

design and size (Fig. 9-21). (1) If the gonad occurs in a body 

region with a coelom and metanephridium, it resides in the 

mesothelium, releases gametes into the coelom, and spawns 

them through the metanephridium (Fig. 9-21 A). (2) If the 

gonadal region is a hemocoel, compact cellular tissue, or 

a coelom without a metanephridium, the gonad is enclosed in 

its own sac. The saccate gonad is lined by a mesodermal 

epithelium including germ cells that opens to the exterior via 

its own gonoduct (Fig. 9-21B,C). (3) Gonads of some very 

small, compact-bodied taxa are mere aggregations of germ 

cells that lack an enclosing epithelium. In these, the gametes 
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FIGURE 9-20 Bilaterian excretion: body design and the occurrence of protonephridia. Bilaterians that lack 
a hemal system, a coelomic system, or both have protonephridia instead of a metanephridial system. Typically 
these are small animals that rely on simple diffusion for internal transport. Protonephridia also occur in a few 
large animals such as priapulids that have one fluid-filled body cavity, usually an unpartitioned coelom or 
hemocoel. (From Ruppert, E. E., and Smith, R R. 1988. The functional organization of filtration nephridia. Biol. Rev. 

63:231-258. Reprinted with the permission of Cambridge University Press.) 
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FIGURE 9-21 Bilateria: gonadal anatomy and oviposition. A-D, Half cross sections. A, Gonad in body region 
with coelom and metanephridium: gonads in mesothelium, gametes released into coelom, discharged through 
metanephridium (Lophophorata, Trochozoa). B and C, A saccate gonad with its own gonoduct occurs in 
coelomates that lack a metanephridium (B, deuterostomes) and in taxa with either a hemocoel or a compact 
(acoelomate) body (C). D, Gonad associated with compact tissue, mostly in small-bodied bilaterians: gonad 
absent, replaced by simple aggregations of germ cells, ripe gametes exit through gonoducts (not shown) or 
rupture through body wall. 
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are released either through a gonoduct or by rupturing 

through the body wall (Fig. 9-21D). 

Among animals in general, adaptations have evolved to 

release sperm and eggs synchronously and in close proximity, 

thus improving the chance of fertilization. In invertebrates with 

external fertilization, day length, moonlight, and pheromonal 

cues can draw mates together and synchronize gamete matura- 

tion and spawning. Internal fertilization results from deposition 

of sperm in the female reproductive tract. It not only increases 

the proximity of eggs and sperm for fertilization, but also allows 

for sperm storage for the fertilization of eggs over an extended 

period of time. Internal fertilization occurs in all small and 

many large-bodied bilaterians. Tiny bilaterians produce few 

germ cells and cannot tolerate the inevitable mortality of 

gametes and zygotes that is associated with external fertilization. 

Reproductive systems may be simple in species that free- 

spawn their gametes into the water, but often they are complex 

in species with internal fertilization, especially hermaphrodites. 

The gonoduct of internal fertilizers typically is modified into 

accessory reproductive organs that store, nourish, transport, 
and encapsulate the gametes. Males usually have secretory 

glands that nourish and assist movement of sperm. A spermato- 
phore gland secretes a protective capsule called a spermato- 
phore around a cluster of sperm in some taxa. The 

spermatophore may be attached to the substratum and later 

picked up by the female or it may be attached directly to her. 

Other male accessory organs include a seminal vesicle, which 

stores sperm prior to transmission, and a penis or specialized 

copulatory appendage that aids in the transmission of sperm to 

the female. Common female accessory organs are a copulatory 

bursa and a seminal receptacle (spermatheca), pouches or 

chambers that receive and store sperm for short and long 

periods, respectively. When fertilization is internal in large bila- 

terians, the zygotes can be released into the water, gestated 
internally, brooded externally, or deposited in a protective 

capsule, or case. If brooded or deposited in a capsule, the eggs 

are typically yolky. Tiny bilaterians rarely release zygotes into the 

water, occasionally are viviparous, and frequently attach zygotes 

individually or in capsules to the substratum. 

The amount of yolk in each egg not only affects the cleavage 

pattern in developing embryos (Chapter 4, Fig. 4-2), but also 

the pattern of larval development in species with indirect devel- 

opment. Embryos developing from small, relatively nonyolky 

eggs often become long-lived, planktotrophic larvae. Plank- 

totrophic larvae are common in Bilateria and occur elsewhere in 

Anthozoa only rarely. These bilaterian larvae typically have spe- 

cialized appendages and ciliary bands with which to actively 

suspension feed. Their metamorphosis is often complex and 

involves loss of many larval structures and extensive remodeling 
of others. Embryos developing from large, yolky eggs may 

become lecithotrophic larvae that rely on yolk reserves, or they 

may develop directly into juveniles. Very small bilaterians are 

invariably direct developers with short generation times. 

CLEAVAGE PATTERNS AND 
DEVELOPMENTAL DETERMINISM 
In .ill bilaterians the late embryo (postgastrula) is bilaterally 

symmetric, but this stage is usually preceded by radial sym- 

metry ol the blastula and often an early gastrula, which may 

reflect the original metazoan pattern of symmetry. This initial 

radial symmetry results from two widespread cleavage pat- 

terns: radial and spiral (Fig. 9-22A,B). In radial cleavage, 
which occurs in some cnidarians, lophophorates, and 

deuterostomes, the cleavage planes are either parallel or per- 

pendicular to the polar axis of the egg (Fig. 9-22A). The 

resulting tiers of blastomeres arrange themselves radially 

around the polar axis and corresponding blastomeres of dif- 

ferent tiers are located directly above and below each other. In 

spiral cleavage, on the other hand, the cleavage planes are 

oblique to the polar axis of the egg. Successive tiers of blas- 

tomeres arrange themselves radially about the polar axis, but 

corresponding blastomeres of different tiers are offset with 

respect to those above and below. A blastomere in an upper 

tier rests in the furrow between two blastomeres in the next 

lower tier (Fig. 9-22B). Spiral cleavage typifies the large bila- 

terian taxon Spiralia, which includes flatworms, molluscs, and 

segmented worms, among others. 

Sooner or later after the onset of gastrulation, the radial 

symmetry of the blastula is replaced by bilateral symmetry. 

Some invertebrate embryos, such as those of roundworms and 

sea squirts, are bilaterally symmetrical from the beginning of 

cleavage and never show radially symmetric or spiral patterns. 

Such embryos have a bilateral cleavage pattern (Fig. 9-22C). 

In cases in which the egg accumulates large amounts of yolk 

(various species of almost all bilaterian taxa), the original 

cleavage pattern becomes modified and obscured. For exam- 

ple, arthropods have yolky eggs, like those of birds, that cleave 

superficially (meroblastic cleavage). 

Because all animals develop from embryos composed of 

undifferentiated cells into adults composed of differentiated 

cells in specific locations, at some point during development 

the fate of embryonic blastomeres must be established. The 

specification of cell fate during development results from two 

general processes that are roughly correlated with the cleav- 

age patterns previously described. One of these processes is 

called determinate, or mosaic, development and is associated 

with spiral and bilateral cleavage patterns. In such embryos, 

cell fate is determined early in development and results 

primarily from the action of specific factors that are unevenly 

distributed, like pieces of a mosaic, in the cytoplasm of the 

uncleaved egg. As the egg divides, some blastomeres incorpo- 

rate the determining factors whereas others do not. A clear 

example of determinate development occurs in Spiralia. In 

the early embryos of these animals, an unidentified cytoplas- 

mic factor is segregated into one blastomere, the mesento- 

blast (Fig. 9-24C), whose presence there causes the cell and 

its progeny to form mesoderm. (The mesentoblast is some- 

times called the “4d” cell in the formal system of labeling 

each blastomere.) Thus the fate of the mesentoblast is fixed 

early in development by inheritance of a maternal mesoder- 

malizing factor that is already present in the cytoplasm of the 

uncleaved egg. 

Another form of embryonic fate determination called regu- 
lative development predominates in animals that have radial 

cleavage. Cell fates in these animals (for example, sea urchins) 

are determined by a network of cellular communication in the 

embryo. The fate of a particular cell results from its position in 

the network and not from a cytoplasmic determinant that spec- 

ifies its fate regardless of embryonic location. Because cell fate 

determination in regulative embryos requires the presence 
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Spiral/Determinate 

B 

FIGURE 9-22 Bilaterian development: three basic cleavage patterns shown in 4-, 8-, and 16-cell stages 
(lateral views). Arrows point to eight-cell stages in animal-pole view. Dashed lines indicate mirror-image 
symmetry planes that establish radial symmetry in eariy radial and spiral embryos and bilateral symmetry in 
bilaterally cleaving embryos. Later in development, the embryos of all bilaterians adopt bilateral symmetry. 
(Modified and redrawn from Siewing, R. 1969. Lehrbuch der vergleichenden Entwicklungsgeschichte der Tiere. VerlagPaul 

Parey, Hamburg, Berlin, pp. 46, 60, and Conklin, E. G. 1905. The organization and cell-lineage of the ascidian egg. 

J. Am. Nat. Soc. 13:1-11 9.) 

of several interacting cells, it tends to occur later in devel- 

opment (after more cleavages) than in determinate embryos. 

It must be noted, however, that although determinate devel- 

opment predominates in spirally and bilaterally cleaving 

embryos and regulative development predominates in radially 

cleaving embryos, both forms of determination occur simulta- 

neously, but in different proportions, in the development of all 

animals. 

GASTRULATION 
All bilaterian zygotes gastrulate to form embryos with three 

germ layers; these are, from outside to inside, ectoderm, meso- 

derm, and endoderm (Fig. 9-23A,ff). Such a three-layered 

(triploblastic) embryo is not unique to bilaterians— 

ctenophores also have three layers—but bilaterian animals, in 

general, diversify and specialize the layers to a greater extent 

than do their radial relatives. In most bilaterians, each of the 

embryonic germ layers differentiates into an adult epithelium: 

Ectoderm becomes epidermis, mesoderm becomes meso-the- 

lium, and endoderm becomes gastrodermis (Table 9-1). Epi- 

dermis encloses and covers the body, secretes the cuticle (ex- 

oskeleton), and typically contains sensory, glandular, ciliated, 

and other cells, including absorptive cells. Much of the nervous 

system arises from, and often is restricted to, the epidermis. 

Mesothelium lines coeloms; forms the musculature, septa, and 

mesenteries; and, together with the gametes, constitutes the 

gonads. The mesothelium often includes muscle, ciliated, se- 

cretory, absorptive, and storage cells. It also gives rise, through 

an epithelium-to-mesenchyme transition, to nonepithelial 

blood corpuscles, coelomocytes, and connective-tissue cells. 

The gastrodermis lines the midgut and contains ciliated, secre- 

tory, absorptive, and storage cells. The blastocoel, which is the 

embryonic connective-tissue compartment, differentiates into 

blood vessels, sinuses, hemocoel, blood (Fig. 9-23E-I), and 

structural connective tissue. 

MESODERM SEGREGATION 
Although ectoderm and endoderm usually are epithelia (as are 

their adult derivatives), mesoderm may be epithelium or mes- 

enchyme. Epithelial mesoderm usually originates as outfolds 

of the wall of the archenteron, as in most deuterostomes. Each 

of these outfolds (the number varies) is thus an epithelium 

from the outset. Eventually each outpocket pinches free of the 

archenteron and becomes an independent coelomic compart- 

ment. This process of coelom and mesoderm formation is 

known as enterocoely (Fig. 9-23G-I, 9-24A). 
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FIGURE 9-23 Bilaterian development: gastrulation, mesoderm segregation, and morphogenesis of 
connective tissue. A-D, A small, compact (acoelomate) flatworm. Gastrulation occurs by epiboly (A and B) and 
results in a stereogastrula (B). The endoderm hollows to form the gut and joins the stomodeum to form the 
mouth (C and D). Mesoderm is segregated as mesenchyme into the blastocoel (B and C) and differentiates into 
gonads, musculature, and connective tissue (D). E —I, A large, coelomate acorn worm (deuterostome). 
Gastrulation occurs by invagination. Enterocoelous outpockets from the archenteron pinch off to form the 
mesothelium-lined coelomic cavities while mesenchyme invades the blastocoel (F-l). Musculature and gonads 
arise from mesothelium; hemal system and structural connective tissue arise from mesenchyme and blastocoel. 
Note that the blastopore becomes the anus. 
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FIGURE 9-24 Bilaterian development: larval development, mesoderm segregation, and coelom formation in 
Trochozoa (for example, Annelida and Polychaeta). Some larval mesoderm arises from mesenchyme (C), but most 
mesoderm and the segmented coelomic cavities originate from a single cell, the mesentoblast (A; = 4d cell), whose 
fate is determined early in development. The mesentoblast divides into left and right teloblast cells (C) that become 
located near the posterior end of the body. The two teloblasts divide repeatedly and form two longitudinal, 
mesodermal bands (D and E). These compact, epithelial bands cavitate, in a process called schizocoely, to form the 
segmental coelomic cavities. 

In spiralians, such as flatworms, the mesentoblast produces 

mesenchyme (Fig. 9-23B). Mesenchymal cells are individual, 

mobile cells located in the blastocoel (Fig. 9-23B,C), or when 

a blastocoel is absent, they lie between the ectoderm and 

endoderm. Fatei in development, they differentiate into germ, 

muscle, skeletal, and connective-tissue cells (Fig. 9-23D). 

In coelomate spiralians, such as segmented worms 

(annelids), mesoderm destined to form a coelomic lining 

originates from daughters of the mesentoblast cell. The mesen- 

toblast first divides into two bilateral, right and left, teloblast 

cells (Fig. 9-24C). Each teloblast then divides repeatedly to 

produce an elongate, solid mesodermal band of cells, one on 
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each side of the archenteron. The cylindrical mesodermal 

band is a monolayered epithelium around a central longitudi- 

nal axis. Later in development, fluid accumulates in this 

centerline, expanding it into a coelomic cavity (Fig. 9-24D). 

The process is called schizocoely (schiz = split) because the 

initial cavitation is a split in the mesodermal band. 

FATES OF THE BLASTOPORE 
4 he blastopore of some radially cleaving embryos (deutero- 

stomes) becomes the adult anus and the mouth forms as a new 

structure. In most protostomes, the blastopore either becomes 

the mouth (and the anus forms anew; Fig. 9-24D,E) or gives rise 

to both mouth and anus (as in .some molluscs, polychaetes, and 

onychophorans). When the latter occurs, the blastopore first 

forms a long furrow. Later, the furrow margins converge and 

fuse between the two extremes, one of which remains open as 

the mouth and the other as the anus. The blastopore of several 

taxa closes and disappears during early development and a new 

mouth and anus form later. In such cases, the assignment of 

a taxon to either Protostomia or Deuterostomia, based on this 

character, depends on where the new mouth or anus opens in 

relation to the old blastopore. If the mouth opens near the site 

of the closed blastopore, then a protostome alliance is assumed; 

if the anus coincides with the old blastopore, then a deutero- 

stome relationship may be likely. 

Morphologists have long speculated that the develop- 

mental origin of both mouth and anus from the blastopore 

was primitive for Bilateria. This hypothesis is now supported 

by expression of the T-box gene, Brachyury. In cnidarians, 

the gene is expressed in the region of a sea anemone 

blastopore and around the mouth of Hydra. In bilaterians, 

its expression occurs in the embryonic mouth and anus 

of a polychaete (protostome) and a hemichordate (deu- 

terostome). 

PHYLOGENY OF BILATERIA  

CONSENSUS AND CONFLICTS 
Morphological and molecular systematics agree on two 

broad divisions of Bilateria. These two major taxa are Proto- 
stomia and Deuterostomia (Fig. 9-25). Deuterostomes include 

hemichordates, echinoderms, chordates, and sometimes 

chaetognaths, whereas protostomes include the remaining 

bilaterians, such as molluscs, arthropods, annelids, and flat- 

worms. Protostome cleavage is mostly spiral, the embryonic 

blastopore usually persists to become the adult mouth 

(or mouth and anus), and the mesothelium, when present, 

is typically schizocoelous in origin. In deuterostomes, cleavage 
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FIGURE 9-25 Bilateria: competing 
classifications based on morphology and 
molecules. The taxon names in shaded boxes 
identify the most important conflicts between 
the two classifications. (Modified and redrawn 

after Nielsen, C. 2001. Animal Evolution. 

Interrelationships of the Living Phyla. 2nd Edition. 

Oxford University Press, Nezu York. 563 pp.) 
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is usually radial, the blastopore typically becomes the anus, 

the mouth forms anew from the surface ectoderm, and the 

mesothelium arises by enterocoely. 

Traditional morphology and contemporary molecular 

systematics are in agreement regarding deuterostomes, 

but disagree over the membership and major subdivisions 

of protostomes (Fig. 9-25, 9-26), and these disagreements 

are part of a lively debate and ongoing research. Morphology 

usually recognizes two protostome taxa, Spiralia and 

Cycloneuralia (also called Aschelminthes, Pseudocoelomata, 

or Nemathelminthes; Fig. 9-25, 9-26A). Spiralians are united 

by the synapomorphy “spiral cleavage” and include the 

flatworms, molluscs, annelids, and arthropods, among others. 

Annelida, Onychophora, and Arthropoda together constitute 

the Articulata, so-called because the segmented worms, velvet 

worms, and arthropods are all articulated, meaning that 

they share a segmented body and similar pattern of growth. 

Cycloneuralians are mostly small-bodied animals, such as gas- 

trotrichs and nematodes, whose cleavage pattern differs from 

spiral and whose adult traits tend to isolate them from the 

remaining protostomes. A third assemblage, Lophophorata 

(brachiopods, phoronids, bryozoans), is considered to be 
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FIGURE 9-26 Bilateria: competing phytogenies. The few, often uncer- 
tain homologies that support alternatives A and B reflect the tentative- 
ness of these trees. A, A more or less traditional phytogeny that divides 
bilaterians into protostomes, lophophorates, and deuterostomes and 
recognizes a sister-taxon relationship between lophophorates and 
deuterostomes. 1, Bilateria: bilateral symmetry, filtration nephridia, 
blastopore becomes mouth and anus. 2, Lophodeuterostomia: lophophore 
(possible plesiomorphy), U-shaped gut; upstream suspension-feeding 
system. 3, Deuterostomia: trimeric, protocoelic metanephridial system, 
blastopore becomes anus. 4, Lophophorata: possibly dimeric, mesosome 
secretes body covering (tube, shell, cuticle). 5, Protostomia: determinate 
development. 6, Spiralia: spiral cleavage, mesentoblast (4d cell). 
7, Platyhelminthes: possibility of epidermal replacement cells, herma- 

phroditism, internal fertilization. 8, Euspiralia: complete gut with anus. 
9, Nemertea: rhynchocoel plus proboscis. 10, Trochozoa: trochophore larva, 
trochoblast cells, downstream suspension-feeding system. 11, N.N.: No 
known autapomorphy. 12, Pulvinifera: crisscrossed collagen fibers in cuticle 
(replaced by chitin in panarthropods), egg envelope (shell) becomes 
incorporated into juvenile cuticle (replaced by hatching in panarthropods). 
13, Sipuncula: introvert, J-shaped gut, dorsal anus. 14, Articulata: 
segmentation, appendages, teloblastic growth. 15, Chaetognatha: 
grasping spines, postanal testes. 16, Gnathifera: jaws. 17, Cycloneuralia: 
terminal mouth, ringlike circumpharyngeal brain. B, A contemporary 
phylogeny, inspired by molecular data, recognizes Protostomia and 
Deuterostomia, but includes lophophorates among the protostomes. 
It also recognizes Ecdysozoa, a taxon of molting animals, and separates 



Phylogeny of Bilateria 221 

intermediate between protostomes and deuterostomes, but to 

have closer ties to the deuterostomes (Fig. 9-25, 9-26A). 

Molecules also divide Protostomia into two groups, but 

taxon membership in them differs from the traditional 

scheme just described (Fig. 9-25, 9-26B). One taxon, called 

Ecdysozoa, unites all animals that periodically molt an 

exoskeleton. It includes arthropods and their allies (together 

Panarthropoda) and cycloneuralians, but not annelids, which 

do not molt. The second taxon, Lophotrochozoa, encom- 

passes all other protostomes, including the lophophorates. 

The Ecdysozoa grouping supports the monophyly of the 

panarthropods and provides a home for the cycloneuralians, 

but divorces the Annelida, casting it into the Lophotrochozoa, 

thus rejecting the longstanding annelid-arthropod alliance 

(Articulata). Because annelids and arthropods share a seg- 

mental body composed of many segments, their placement in 

separate evolutionary lines means that each evolved segmenta- 

tion independently of the other, a conclusion vigorously 

opposed by most morphologists. Molecular systematics also 

views lophophorates as protostomes with no indication of 

a deuterostome alliance (Fig. 9-25, 9-26B). 

Current evidence is insufficient to choose between these two 

alternative phytogenies, and we await the discovery of new char- 

acters. In the interim, we have arranged the sequence of this 

book’s chapters to be compatible with either evolutionary view- 

point. The sequence is more or less traditional—beginning 

with platyhelminths and ending with deuterostomes—but the 

taxa of molting animals (Ecdysozoa) are grouped together in 

the middle of the book. 

THE ANCESTOR: SMALL OR LARGE? 
Figure 9-26 shows two widely contrasting views of bilaterian 

evolution. A more or less traditional phylogenetic tree (Fig. 

9-26A), rooted in morphology, considers the small-bodied 
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the segmented animals that molt (panarthropods) from those that 
do not (Annelida). If this phylogeny is correct, then segmentation prob- 
ably evolved independently in these two taxa. 1, Bilateria: bilateral 
symmetry, filtration nephridia, blastopore becomes mouth and anus. 
2, Deuterostomia: trimeric (possibly a plesiomorphy), protocoelic meta- 
nephridial system, blastopore becomes anus. 3, Protostomia: no known 
autapomorphy. 4, Lophotrochozoa: larval protonephridia, chaetae, (3- 

chitin. 5, Lophophorata: U-shaped gut, lophophore, metasomal secretion 
of body covering (cuticle, shell, tube). 6, Spiralia: spiral cleavage, mesen- 
toblast (4d cell). 7, Nemertea: rhynchocoel and proboscis. 8, Trochozoa: 

trochophore larva, trochoblast cells, downstream suspension-feeding 
system. 9, Platyhelminthes: epidermal replacement cells (uncertain autapo- 
morphy), hermaphroditism, internal fertilization. 10, Gnathifera: jaws. 
11, Ecdysozoa: molted exoskeleton (ecdysis; Gastrotricha do not molt but 
their embryos hatch (molt?) from their eggshells), setae (uncertain 
autapomorphy), a-chitin. 12, Chaetognatha: grasping spines, postanal 
testes. 13, Hemocoelia: body cavity a hemocoel (except in compact-bodied 
Gastrotricha). 14, Panarthropoda: segmentation. 15, Cycloneuralia: 
terminal mouth, ringlike circumpharyngeal brain, sucking pharynx. (After 

several sources) 



222 Chapter 9 Introduction to Bilateria 

Platyhelminthes (flatworms) to be the primitive bilaterian taxon. 

If so, the stem species of Bilateria probably was a small ciliated 

animal lacking coelom, hemal system, and anus and having 

protonephridia as excretory organs. Most likely, it had internal 

fertilization and direct development (Table 9-3). From this 

small-bodied ancestor evolved large-bodied descendants: per- 

amorphosis was the heterochronic trend (Chapter 4, Fig. 4-11). 

Most biologists agree with this perspective. In fact, a small- 

bodied ancestor is inferred for every major taxon in which there 

is a wide range of body sizes among species. Vertebrates, for 

example, are believed to have evolved from an amphioxus-like 

ancestor only a few centimeters in length, molluscs from a small, 

flatwormlike ancestor, and insects from a tiny, wingless 

predecessor. 

Challenging this near-consensus is a persistent minority 

opinion that the ancestor to Bilateria was a large organism. As 

such, it relied on muscles for locomotion and probably had 

coelom, hemal, and metanephridial systems, as well as a 

specialized gill surface for gas exchange. It may have spawned, 

had external fertilization, and produced a free-swimming, per- 

haps planktotrophic, larva. From this large ancestor evolved 

small-bodied descendants (Table 9-3). The heterochronic 

TABLE 9-3 Bilateria: Correlations with Body Size \ 

Structure/Function Body Size 

Small Large 

Surface:volume ratio Large Small 

Locomotion Cilia1 Muscle 

Gas exchange surface Body wall Body wall + gills 

(tentacles, other 

outgrowths, 

gill slits) 
Gut Unbranched Branched 

(including 

digestive ceca) 
Nervous system No giant axons Giant axons 
Internal transport Diffusion2 Convection + 

diffusion 
Circulatory system None or hemal 

(without heart) 

Coelom, hemal, 

or both (often 

with heart) 
Excretory system Protonephridia Metanephridial 

system 
Egg output Few Many 
Fertilization Internal External or 

internal 
Copulatory organs Present Absent or 

present 
Larva Absent Present or 

absent 
Life span Short Long or short 
Heterochronic trend Pedomorphosis Peramorphosis 

’Small bilaterians with rigid exoskeletons — nematodes, 
kinorhynchs, microcrustaceans—lack surface cilia and use muscle 
for locomotion. 2Small bilaterians with retractile body parts, such 
as an introvert or telescoping legs, have a hemocoel 

trend here was pedomorphosis (Chapter 4, Fig. 4-10, 4-11). 

This idea has been revived recently and independently in the 

publications of a morphologist who also considered molecular 

and paleontological data (R. A. Dewel), a molecular systema- 

tist (G. Balavoine), and two systematists who combine mor- 

phology and molecules in their analyses (K. J. Peterson and 

D. J. Eernisse). Dewel, moreover, regards the ancestor as 

a colonial rather than a solitary species. 

Perhaps significantly, molecular systematics occasionally 

recognizes taxa of small, anatomically simple animals that 

may have evolved from large, complex ancestors. For exam- 

ple, the application of molecular techniques to cnidarians is 

largely responsible for the current consensus that the large, 

complex anthozoans are primitive while the mostly small 

hydrozoans are derived. Similarly, the very simple and tiny 

mesozoans (Orthonectida and Dicyemida) are usually 

placed at or near the origin of Metazoa by morphologists, 

but molecular systematists assign. them to the Bilateria 

(near flatworms). 

Whether or not pedomorphosis is thought to play a role 

in the evolution of major taxa may depend on methods 

employed by systematists. Traditional cladistics, as used in 

this book, depends on morphological novelty—the evolu- 

tionary elaboration or compounding of preexisting traits — 

as a criterion for the recognition of synapomorphies and 

the establishment of monophyletic taxa. A synapomorphy is 

a shared derived character, one almost always more complex 

than the character-state from which it evolved. If apomorphies 

are complex and plesiomorphies simple, then apomorphic taxa 

are more likely to be large-bodied animals than plesiomorphic 

taxa (Table 9-3). Thus traditional cladistics may be biased to- 

ward a phylogeny from small (simple) to large (complex). 

Molecular systematics, on the other hand, because of its equal 

accounting of both the presence and absence of sequence 

information, may be better able to detect pedomorphic trends 

in evolution. 

PHYLOGENETIC HIERARCHY OF BILATERIA 

(Molecules) (Morphology) 

Bilateria Bilateria 

Deuterostomia Lophodeuterostomia 

Protostomia Deuterostomia 

Lophotrochozoa Lophophorata 

Lophophorata Protostomia 

Spiralia Spiralia 

Nemei tea Platyhelminthes 

Trochozoa Euspiralia 

Platyhelminthes Nemertea 

Gnathifera Trochozoa 

Ecdysozoa N.N. 

Chaetognatha Pulvinifera 

Hemocoelia Sipuncula 

Panarthropoda Articulata 

Cycloneuralia Chaetognatha 

Gnathifera 

Cycloneuralia 
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PLATYHELMINTHESp  

Platyhelminths are mostly small, soft-bodied, aquatic worms 

that do not burrow, but instead move over and between rocks, 

sediment particles, detritus, algae, and in the tissues of their 

prey. They include the free-living flatworms (Turbellaria) and 

the parasitic flukes (Trematoda) and tapeworms (Cestoda). 

All lack a coelom, hemal system, cuticle, and, in the parasitic 

taxa, epidermis and sometimes gut. These absences result in 

an uncomplicated anatomy, except for a complex reproduc- 

tive system. Great variety exists, however, in this relatively sim- 

ple design, as represented by some 20,000 species, many 

higher taxa, and myriad lifestyles. 

Flatworm diversity is one of the most curious and instructive 

chapters in functional and evolutionary biology. By degrees, 

the platyhelminths make an evolutionary7 transition from free- 

living flatworms to parasitic flukes and tapeworms, several of 

which are scourges of humankind. What are the attributes that 

enabled flatworms to cross the line between friend and foe? 

Certainly one factor was small body size (most platyhelminths 

are in the millimeter-size range), if only because endoparasites 

are necessarilv smaller than their hosts. Another is that flat- 
/ 

worms, being tiny or flat, are adapted to live in tight places, 

including the cavities and tissue-spaces of other organisms. 

Most free-living flatworms, for example, live in crevices 

between rocks, shells, and attached organisms or occupy the 

water-filled interstitial spaces between sand grains. These and 

other traits that predisposed flatworms to parasitism will be 

highlighted in this chapter. 

Flatworms lack a circulatory system — a hemal system and 

coelom are absent—and thus are diffusion-limited animals. 

Under this limitation, distances between sources and sinks 

must be short in all transport systems, including those for 

gases, nutrients, and excretory wastes. 

Knowing that platyhelminths rely on simple diffusion rather 

than circulation for internal transport, try to predict their dif- 

fusion-based anatomy using the principles discussed in Chap- 

ters 2, 4, and 6. What body shape would you expect to find in 

platyhelminths in the millimeter-size range? In the centimeter 

range? Would they have protonephridia or metanephridial 

systems? How, in the larger-bodied species, would nutrients be 

distributed in the absence of coelom and hemal system? Would 

you predict reproduction by free-spawning and external fertil- 

ization or internal fertilization after copulation? 

Perhaps the deepest question ahout flatworms is whether 

the absence of hemal and coelomic systems is primary or 

secondary. Did flatworms evolve, via pedomorphosis, from 

large-bodied coelomate ancestors, or does their relatively 

simple anatomy indicate primitive status? Most morphologists 

easily accept the primitiveness of flatworms. But historically, 

a few have challenged this opinion, and recent results from 

molecular systematics have also questioned the traditional 

interpretation. At stake is our conception of the ancestral bila- 

terian: Was it big or small? Coelomate or acoelomate? Or did 

FIGLRE 10-1 Turbellaria: diversity of macroturbellaria. A, The terrestrial triclad Bipalium adventitium. 
B, The freshwater triclad Dugesia tigrina. C, The horseshoe-crab commensal triclad Bdelloura Candida. 
D, The temnocephalid from Figure 10-2H, for scale. E, The polyclad Oligoclado floridanus. (A and C, From Hyman, 

1951; I). Redrawn from Williams, J. R. 1980 Morphology of a species of Temnocephala (Platyhelminthes) ectocommensal on 

the isopod Phreatoicopsis terricola. J. Nat. Hist. 14:183-199.) 
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its life cycle include a large coelomate adult and a small 

acoelomate larva? Front and center in this controversy is Platy- 

helminthes. Finding its sister taxon and true position among 

bilaterians are ongoing quests of contemporary phylogenetic 

research. 

TURBELLARIAC 

For many, the first contact with free-living flatworms is with 

planarians, those small, brownish, cross-eyed worms that live 

in freshwater streams under rocks. The lucky few who have 

explored a rocky seashore or a coral reef may have seen large, 

tissue-thin, stunningly colored marine flatworms that glide and 

shuffle over the substratum, conforming their bodies to every 

surface irregularity. Some fortunate others may have watched 

a sandy beach turn green as zoochlorellae-bearing turbellari- 

ans surfaced with the receding tide to expose themselves to 

the rays of the sun. These are the large, visible Turbellaria, 

or macroturbellaria, in the centimeter-size range (Fig. 10-1). 

The largest of all macroturbellarians is a planarian, Rima- 

cephalus arecepta, from Lake Baikal in Russia, that reaches a 

length of 60 cm. All macroturbellarians are flat and thin (as 

you may have predicted) and, in general, the larger the worm, 

the more pronounced the flattening. 

Although macroturbellarians are conspicuous and useful 

for class study, most of the 4500 species of Turbellaria are 

microscopic animals rarely exceeding a length of a few mil- 

limeters, with the smallest being approximately 0.5 mm in 

length. These microturbellaria (Fig. 10-2) may be flat, but 

commonly they are either cylindrical or arched above and 

flattened below to form a creepsole. 

Turbellarians are chiefly aquatic and the great majority are 

marine. Most are bottom dwellers that live in sand or mud, 

under stones and shells, or on seaweed, but a few species are 

pelagic. Many microturbellaria are common members of the 

interstitial fauna that occupy and move like snakes in a rock 

pile through the water-filled spaces between sand grains. 

Freshwater turbellarians are benthic inhabitants of lakes, 

FIGURE 10-2 Turbellaria: diversity of microturbellaria. A, The acoel 

Pseudactinoposthia parva. B, The nemertodermatid Flagellophora. C, The 

catenulid Stenostomum virginianum. D, The macrostomid Macrostomum 

appendiculatum. E, The proseriate Monocelis galapagoensis. F, The kalyp- 

torhynch rhabdocoel Karkinorhynchus tetragnathus. G, The typhloplanoid 

rhabdocoel Ceratopera bifida. H, The temnocephalid Temnocephala 

geonoma. (All figures redrawn from original sources. A, From Ehlers, U., and 

Dorjes, J. 1979. Interstitielle Fauna von Galapagos. XXIII. Acoela (Turbellaria). 

Mikrofauna Meeresbodens 72:1-74; B, From Sterrer, W. 1966. New 

polylithophorous marine Turbellaria. Nature 210:436; C, From Nuttycombe, J. W. 

1931. Two new species of Stenostomum from the southeastern United States. Zool. 

Anz. 97:80-85; D, From Ferguson, F. F. 1937. The morphology and taxonomy 

of Macrostomum virginianum n. sp. Zool. Anz. 119:25-32; E, From Ax, P., 

and Ax, R. 1977. Interstitielle Fauna von Galapagos XIX. Monocelididae 

(Turbellaria, Proseriata). Mikrofauna Meeresbodens 64:1-40; F, From Ax, P., and 

Schilke, K. 1971. Karkinorhynchus tetragnathus nov. spec, ein Schizorhynchier 

mit zweigeteilten Russelhaken (Turbellaria, Kalyptorhyncia). Mikrofauna 

Meeresbodens 5:1-10; G, From Ehlers, U., and Ax, P., 1974. Interstitielle. Fauna 

von Galapagos. VIII. Trigonostominae (Turbellaria, Typhloplanoida). Mikrofauna 

Meeresbodens 30:1—33; H, From Williams, J. B. 1980. Morphology of a species of 

Temnocephala (Platyhelminthes) ectocommensal on the isopod Phraetoicopsis 

terricola. /. Nat. Hist. 14:183-199.) 
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ponds, streams, and springs. A few turbellarians are terrestrial, 

but these are confined to humid areas and usually retreat 

below logs and leaf mold during the day, emerging only at 

night to feed. They are mostly large tropical species, but some, 

such as the introduced North American Bipalium kewense, 

B. adventitium (Fig. 10-1A), and related species, live in temper- 

ate regions. 

Body Wall 
The turbellarian body is covered by a monolayered, ciliated 

epidermis in which each ciliated cell bears many cilia (Fig. 

10-3). The swirling motion of microscopic particles close to 

the ciliated epidermis is responsible for the name Turbel- 

laria, which means “whirlpool.” In some macro turbellarians 

and a few others, cilia are confined to or predominate on the 

ventral surface. Short microvilli cover the epidermal surface 

between the cilia, but a cuticle is absent. In a few turbel- 

larians the epidermis is syncytial, and cellular boundaries 

are only partially present or absent (Fig. 10-3D). Beneath 

the epidermis is a basal lamina or basement membrane, 

except in Acoela, which has reduced extracellular matrix 

(Fig. 10-3A). 

In the absence of a cuticle, turbellarians typically use the 

basal lamina and intracellular fibers to support the body wall. 

The most common intracellular skeleton is a weblike sheet of 

actin filaments (a terminal web) within the epidermis itself 

(Fig. 10-3). This sheet apparently helps the epidermis to bear 

stresses. Evidence for a skeletal role for basal lamina is found 

in unusual marine turbellarians with calcareous spicules in 

this layer (Fig. 10-4). In one taxon (Acoelomorpha), a net- 

work of interconnected ciliary rootlets, the fibrous structures 

anchoring each cilium in the cell, may also bear stress, per- 

haps compensating for their reduced extracellular matrix. In 

some species, the gut or the mesodermal parenchyma (dis- 

cussed below) also has a skeletal function. 

Turbellarians have a richly glandular epidermis (Fig. 10-5, 

10-6, 10-13). Although the gland cells may be entirely within 

the epidermis, they commonly are submerged into or below 

the muscle layers, with only the neck of the gland penetrating 

the epidermis (or gastrodermis, as in Fig. 10-5). The glands 

may secrete adhesives, mucus, and other substances. 

Typical of most turbellarians are numerous membrane- 

bounded, rod-shaped secretions known as rhabdoids that are 

released to the surface of the epidermis, where they expand to 

form mucus. The most common kind of rhabdoid is the rhab- 

dite, which is characterized by a specific, layered ultrastructure 

(Fig. 10-5). Rhabdites are secreted by epidermal gland cells that 

usually are submerged, except for their slender necks, below 

the epidermis. Several functions have been attributed to 

rhabdites, such as slime production for locomotion, cocoon for- 

mation, and predator repellant, but none has been experimen- 

tally tested. Other, structurally different rhabdoids co-occur 

with rhabdites in individuals and are widespread among turbel- 

larian taxa. 

Sealing junction 

FIGURE 10-3 Turbellaria: body-wall diversity. A, Acoela; B, Macrostomida; C, Tricladida (planarians); 
D, Temnocephalida. The amount of extracellular matrix tends to increase with body size from A to D. A syncytial 
epidermis occurs in some rhabdocoels but is typical of the ectocommensal temnocephalids (D). A similar 
syncytial neodermis is characteristic of trematodes, monogeneans, and tapeworms. (Adaptedfrom Tyler, S. 1984. 

Turbellarian platy helminths. In Bereiter-Hahn,J. Matoltsky, A. G., and Richards, K. S. (Eds.): Biology of the Integument. Vol. 1. 

Invertebrates. Springer-Verlag. Berlin, pp. 112-131. And Rieger- R M. 1981. Morphology of the Turbellaria at the 

ultrastructurallevel. Hydrobiologia. 84:213-229.) 
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FIGURE 10-4 Turbellaria: skeleton. The 

marine interstitial turbeliarian Florianella 

bipolaris, a kalyptorynch rhabdocoel with 

a calcified endoskeleton (A). The calcareous 

spicules occur in the extracellular matrix 

beneath the epidermis (B). Seen from the 

surface, the spicules are arranged in 

cross-diagonal rows (C), each at an angle of 

approximately 55° to the longitudinal axis. 

(Adapted from Rieger, R. M., and Sterrer, W. 1973. 

New spicular skeletons in Turbellaria, and the 

occurrence of spicules in marine meiofauna. Z. zool. 

Syst. Evolut.-forsch. 13:207-248.) 

Submerged 
rhabdite gland Rhabdites 

Lamellae 

FIGURE 10-5 Turbellaria: rhabdites. One of the characteristic turbeliarian (rhabditophoran) secretions is 

a rhabdite, a rod-shaped secretion composed of successive microscopic lamellae. (Enlarged granule drawn from 

Smith, J. P. S. Ill, Tyler, S., Thomas, M. B. et al. 1982. The morphology of turbeliarian rhabdites: Phylogenetic implications. 

Trans. Am. Micros. Soc. 101:209-228.) 

An anterior aggregation of secretory cells called a frontal 

gland is characteristic of most turbellarians (Fig. 10-2G, 10-6). 

Its function, however, is unknown, although roles in defense, 

slime production for locomotion, and adhesion (in larvae) have 

been suggested. Some turbellarians have aggregations of gland 

cells at the posterior end of the body (Fig. 10-2F). In Bdelloura, 

which lives as a commensal on the book gill of the Atlantic 

horseshoe crab, the glands form an adhesive plate (Fig. 10-1C). 

Temporary adhesion to the substratum is made possible 

by adhesive glands, adhesive cilia, or muscular suckers 
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FIGURE 10-6 Turbellaria: frontal gland. The frontal gland of the 
macrostomid Paramalostomum coronum. The individual gland cells 
opening on the sides of the head are not part of the frontal gland. 
(From Klauser, M. D., and Tyler, S. 1987. Frontal glands and frontal sensory 

structures in the Macrostomida (Turbellaria). Zool. Scripta. 16:95—110.) 

(Fig. 10-7). Many interstitial marine species adhere to the sand 

grains with glandular adhesive organs known as duo-gland 
organs, each of which may project from the body surface as 

a papilla (Fig. 10-2E, 10-7B, 10-9E). A duo-gland organ is 

composed of two different kinds of gland cells. One, desig- 

nated a viscid gland, secretes the adhesive and cements the ani- 

mal to the sand grain, and the other, called a releasing gland, 
secretes the de-adhesive, the substance that breaks the attach- 

ment (Fig. 10-7B). The gland necks of both viscid and releas- 

ing glands pass through a third cell, an epidermal anchor 

cell, which is specialized to bear the strain of attachment. 

Using groups of these duo-gland adhesive organs, interstitial 

turbellarians rapidly stick to and release from sand grains. 

Macroturbellarians (Polycladida) and ectocommensals on crus- 

taceans (Temnocephalida) attach to surfaces using a well- 

developed ventral sucker (Fig. 10-1C, 10-2H, 10-7C). At least 

one tiny worm, Paratomella rubra (Acoela), is able to stick to 

surfaces using the flattened tips of specialized adhesive cilia 

(10-7A). 

Musculature and Locomotion 
As small animals without appendages, turbellarians rely primar- 

ily on their cilia to glide over surfaces. But, surprisingly, many 

turbellarians have a well-developed and complex musculature 

that enables them to make a wide variety of movements. 

The musculature consists of a gridlike arrangement of outer 

circular and inner longitudinal fibers. Between these two layers, 

many species also have two sets of diagonal muscles that criss- 

cross each other (Fig. 10-8). Some of the large, flat species also 

have dorsoventral muscles and additional layers of circular and 

longitudinal muscles. As might be expected in soft-bodied 

worms lacking a rigid skeleton, smooth or obliquely striated 

muscle fibers typify turbellarians. 

Turbellarians have a wide variety of locomotory adaptations 

that range from ciliary gliding over surfaces and through 

water to muscular creeping and swimming. Other body move- 

B Haplopharyngid C Polyclad 

Papilla 

Anchor cell 

Epidermal cell 

Releasing 
gland 

FIGLRE 10-7 Turbellaria: temporary adhesion. A. Adhesive cilia in the acoel Paratomella rubra. 

B, A duo-gland adhesive papilla (inset) in Haplopharynx (Macrostomorpha) and many other turbellarians. 
C, An adhesive sucker in the polyclad Oligoclado floridanus and its cotylean relatives. (A, Modified from Tyler, S. 

1973. An adhesive junction for modified cilia in an interstitial turbellarian. Acta Zool. 54:139-151; B, Modified and 

redrawn from Tyler, S. 1976. Comparative ultrastructure of adhesive systems in the Turbellaria. Zoolmorphologie 84:1-76.) 
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FIGURE 10-8 Turbellaria: musculature. In most turbellarians, 

large or small, the body-wall musculature consists of the usual 

outer circular, middle diagonal, and inner longitudinal muscles, 

as shown in this epifluorescence micrograph of Urostoma cyprinae 

(Prolecithophora). 

ments include retraction and extension, peristalsis, twisting, 

turning, waving, and somersaulting (Fig. 10-9). In general, 

small aquatic turbellarians use cilia for locomotion (Fig. 

10-9A), whereas large turbellarians use muscular movements 

(perhaps aided by cilia) of the entire body or along a special- 

ized ventral sole (Fig. 10-9C,D). In some small species, body- 

wall peristalsis is common but not used in locomotion. 

Instead, these movements may be important in mixing the 

contents of the gut, which often has a weakly developed 

musculature (Fig. 10-9G). Some large marine species (Polycla- 

dida) swim using dorsoventral undulations of the lateral body 

margins (Fig. 10-10). 

Nervous System and Sense Organs 
The layout of the turbellarian nervous system is variable, 

especially with respect to the number and arrangement of 

nerve cords. In general, and perhaps primitively, it consists of 

a subepidermal ringlike brain from which one to several 

nerve cords, depending on taxon, extend posteriorly through 

the body. When several pairs of longitudinal nerves issue 

from the brain, usually they are equidistant from each other 

and impart radial symmetry on the nervous system (Fig. 

10-11 A). The longitudinal nerve cords join a nerve net 

located internally to the body-wall musculature. This submus- 

cular net, in turn, joins two other, more peripheral nets — 

one between the epidermis and musculature and another 

within the epidermis. Although some nervous tissue is con- 

centrated into the brain and longitudinal cords, the nervous 

system as a whole is diffuse, netlike, and reminiscent of that 

of cnidarians or hemichordates (Fig. 10-1 IB). A nerve net 

is a logical arrangement for innervating the sheetlike, two- 

dimensional body-wall musculature. A specialized nerve net 

also may be associated with the muscular pharynx and midgut 

of some turbellarians. 

Many turbellarians have abandoned the ringlike brain and 

multiple nerve cords in favor of a concentrated bilateral brain 

and two ventrolateral, longitudinal nerve cords, as occurs in 

the common planarian Dugesici for example. Although Dugesia 

retains a peripheral nerve net (and associated muscle grid), 

the longitudinal cords are joined at regular intervals by trans- 

verse commissures, which together with the cords give the ner- 

vous system a segmented, ladderlike appearance (Fig. 10-11C). 

Such a highly organized nervous system suggests a level of 

hierarchic order and control not present in netlike systems. In 

all turbellarians, the nervous system is relatively primitive in its 

lack of ganglia, except in the brain, but typical sensory, motor, 

and interneurons are present. 

Pigment-cup ocelli are common in most turbellarians 

(Fig. 10-12B). The usual number is two (Fig. 10-2G), but two 

or three pairs are not uncommon. In macroturbellarians, 

including the land planarians, many eyes may occur in clus- 

ters over the brain, in tentacles, or distributed uniformly 

around the body margin (Fig. 10-1E, 10-12B). The eyes func- 

tion largely in orienting to light, and most turbellarians 

are negatively phototactic. Strong light directed onto a 

swimming polyclad, for example, arrests locomotion, caus- 

ing it to sink to the bottom, where it crawls away in search of 

cover. 

Other than eyes, statocysts are the most conspicuous of 

the turbellarian sensory organs (Fig. 10-12A), but they occur 

only in a few taxa (primarily catenulids, acoelomorphs, and 

seriates). Turbellarian statocysts are unpaired and located 

medially near the brain. Each statocyst consists of a capsule 

that encloses a fluid-filled cavity and a central concretion 

called a statolith. Sometimes more than one statolith is pres- 

ent; nemertodermatids, for example, have two. Because of 

their general similarity to the statocysts of some cnidarian 

medusae and ctenophores, turbellarian statocysts are pre- 

sumed to be gravity receptors. Unlike the statocysts of 

diploblastic animals, however, turbellarian statocysts lack sen- 

sory cilia, and the statolith makes contact with the unspecial- 

ized wall of the capsule. The mechanism of sensory reception 

is unknown. 

Single-celled ciliary receptors (Fig. 10-12C), many of which 

are probably mechanoreceptors, are distributed over the entire 

body, but are particularly concentrated on tentacles, auricles 

(Fig. 10-1B), and body margins. Specialized pits or grooves 
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A Rhabdocoel 

I Temnocephalid 

FIGURE 10-9 Turbellaria: locomotion. Ciliary locomotion is 

common in small turbellarians, such as the rhabdocoel Kytorhynchella 

meixneri (A) and the acoel Convoluta convoluta (F). The large polyclad 

Pseudoceros crozien (B) swims using undulations of the body margins. 

Planarians produce muscular waves along their ventral surface to 

move over substrata (C), whereas polyclads such as Corondena 

mutabilis shuffle forward ditaxically (D) like some snails. Retraction 

movements are common among turbellarians, shown here for the 

interstitial rhabdocoel Proschizorhynchus anophthalmus (E), which not 

only withdraws from a disturbance but also simultaneously anchors 

itself using girdles of duo-gland adhesive papillae. While stationary, 

some interstitial species produce peristaltic waves along the body 

surface, presumably to help mix the gut contents (G). The terrestrial 

triclad Rhynchodemus terrestris casts a mucous thread and then uses it 

as a suspension bridge to cross between two leaves (H). Some 

temnocephalids, which are ectocommensals on crustaceans, can 

somersault by alternately attaching the posterior sucker and anterior 

tentacles (I). (A, Modified from Rieger, R. M. 1974. A new group of 

Turbellaria-Typhloplanoida xvith a proboscis and its relationship to 

Kalyptorhynchia. In Riser, N. W., and Morse, M. P. (Eds.): Biology of the 

Turbellaria. McGraxu-Hill Book Co., New York. pp. 23- 62; E, Redrawn 

and modified from L’Hardy, J.-P. 1963. Turbellaries Schizorhynchidae des 

sables de Roscoff II. Le genre Proschizorhynchus. Cah. Biol. Mar. 

6:125 —161; F, Redrawn from Apelt, G. 1969. Fortpflanzungsbiologie, 

Entxvicklungszyklen und vergleichende Fruhentwicklung aceoler Turbellarian. 

Mar. Biol. 4:267— 325; H, Redraxvn and modified from Reisinger, E. 1923. 

Turbellaria. Strudelwurmer. Biol. Tiere Deutsch. Lief. 6:1-64; I, Redrawn 

and modified from 'Williams, J. B. 1980. Morphology of a species of 

Temnocephala (Platyhelminthes) ectocommensal on the isopod Phrea- 

toicopsis terricola. J. Nat. Hist. 14:183-199, and after Haswell from de 

Beauchamp, P. 1961. Classe des Turbellaries. In Grasse, P. -P. (Ed.): Traite 

de Zoologie. Vol. 4. Masson et Cie, Paris, pp. 216.) 
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FIGURE 10-10 Turbellaria: locomotion. The polyclad 

Stylochoplana floridana is a 20 mm-long flatworm that 

swims rapidly (15 mm/s) by flapping its anterior body 

margins in the manner of a sea hare. 

FIGURE 10-11 Turbellaria: nervous system. The central components include a brain and a variable number of 

nerve cords. In the acoels (A), the brain and nerve cords are more or less radially disposed (peripheral nerve net 

not shown). The netlike arrangement of peripheral nerves is clear in polyclads (B, ventral nervous system) and 

tridads (C), but in triclads a regular series of transverse commissures imparts a segmental pattern on the nervous 

system. (A, After Westblad, B.; B, After Hadenfeldtfrom Stummer-Traunfels, R. V. 1933. Polycladida. In Broun, H. G. (Ed.): 

Klassen und Ordnungen des Tierreichs; C, From Lentz, T. L. 1968. Primitive nervous systems. Yale University Press, 

New Haven, pp. 72 and 77. Reprinted with permission.) 
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Statocyst 

Pigment-cup 
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FIGURE 10-12 Turbellaria: sensory organs. A, Statocyst of an acoel; 
B, pigment-cup ocellus of a polyclad; C, simple ciliary receptor of a 
rhabdocoel, probably a mechanoreceptor; D, sensory pit of a catenulid, 
probably a chemoreceptor. (A-C, Modified and redrawn from Rieger, R. M., 

Tyler, S. Ill, et al. 1991. Platyhelminthes: Turbellaria. In Harrison, F. W., and 

Bogitsh, B. (Eds.).: Microscopic Anatomy of Invertebrates. Vol. 3. Wiley-Liss, 

Inc. New York. pp. 7-140; D, Modified and redrawn from Nutty combe, J. W., 

and Waters, A.J. 1938. The American species of the genus Stenostomurn. Proc. 

Am. Philos. Soc. 79:213-300.) 

on the head contain sensory cells that are probably chemore- 

ceptors (Fig. 10-12D), which may be used in locating food 

or mates. 

Parenchyma 
The connective-tissue compartment between the body-wall 

musculature and gut is called the parenchyma. Like the 

typical connective tissue described in Chapter 4 (Fig. 4-1), 

the parenchyma of most macroturbellarians is composed 

of cells in a fibrous extracellular matrix (Fig. 10-13B). Depar- 

tures from this organization occur in two directions. First, the 

parenchyma of wzcroturbellarians contains little extracellular 

matrix, and in one taxon (Acoela), an extracellular matrix 

is nearly absent and the parenchyma is chiefly cellular (Fig. 

10-13A). Second, among several freshwater catenulids, the 

extracellular matrix part of the parenchyma is well developed 

and fluid rather than fibrous and forms a hemocoel (Fig. 

10-13C). The hemocoel may play a role in internal transport 

and serve as a hydrostatic skeleton. 

Flatworm parenchymal cells are diverse, and only those with 

well-established functions are mentioned here. Epidermal 

replacement cells migrate from the parenchyma to the body 

surface and replace any damaged or destroyed epidermal 

cells. This unusual means of replacement is necessitated by the 

absence of mitosis in the adult epidermis. The epidermal 

replacement cells are situated immediately below the body wall 

and each contains a cluster of centrioles (which later become 

the ciliary basal bodies). Many turbellarians have a population 

of totipotent cells called neoblasts, which are important in 

wound healing and regeneration (Fig. 10-13B). They may also 

give rise to the epidermal replacement cells. Another com- 

mon cell of the parenchyma is the fixed parenchymal cell, a 

large, branched cell that makes gap junctions with other 

parenchymal cells as well as epidermal and gastrodermal 

cells (Fig. 10-13B), thus linking together all tissue layers of 

the body. Gap junctions are intercellular channels for low- 

resistance transport of metabolites, and their presence indicates 

that the network of cells linked by them are physiologi- 

cally coupled. In the absence of a circulatory system, perhaps 

this network constitutes a specialized intercellular transport 

system. 

Some planarians have parenchymal pigment cells (Fig. 

10-13B) and chromatophores, the latter of which enable the 

animal to lighten and darken when the pigment in the cell is 

concentrated or dispersed, respectively. Chromatophores are 

controlled by the brain, for the posterior half of a bisected 

dark worm does not lighten until it has regenerated a brain. 

In at least one interstitial acoel (Paratomeila rubra) and 

some rhabdocoels, hemoglobin-containing parenchymal cells 

impart a red color to the body and probably function as 

an oxygen store for use when the animal wanders into oxygen- 

poor layers of the sand. 

Digestive System and Nutrition 
The digestive cavity, or gut, of turbellarians is typically a blind 

sac and the mouth is used for both ingestion and egestion (Fig. 

10-14). An anus or multiple anuses occur only in some very 

long worms and in some turbellarians with highly branched 

guts. In these, the normal return of undigested wastes to die 

mouth is apparendy complicated by the extreme length or com- 

plex branching of the gut. The wall of the gut is single-layered 

and composed of phagocytic and gland cells. Primitively, the 
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FIGURE 10-13 Turbellaria: anatomy and parenchyma (connective-tissue compartment). A, In acoels such as 

Diopisthoporus longitubus, the parenchyma is entirely cellular and lacks an extracellular matrix. B, In most other 

turbellarians, including the polyclads and triclads, the parenchyma is like typical connective tissue, containing 

both cells and extracellular matrix. C, The extracellular matrix of some catenulids is fluid and forms a hemocoel 

(pseudocoel). (A and B, Modified and redrawn from Smith, J. P. S. Ill, and Tyler, S. 1985. The acoel turbellarians: Kingpins 

of metazoan evolution or a specialized offshoot ? And Rieger, R. M. 1985. The phylogenetic status of the acoelomate organization 

within the Bilateria: A histological perspective. Both in Conway Morris, S., George, J. D., Gibson, R, et al. (Eds.): The Origins 

and Relationships of Lower Invertebrates. Clarendon Press, Oxford, pp. 123-142, 101-122.) 

gut is ciliated, as in some major taxa (Catenulida, Macrosto- 

mida, and some Polycladida), but in most others it lacks cilia. 

The gut of acoel turbellarians lacks a lumen altogether and is 

usually a syncytium enclosed by a common cell membrane 

(Fig. 10-13A, 10-14F). The taxon name, “Acoela”, refers to this 

lack of a gut cavity. 

The shape of the gut is in part related to the size of 

the worm (Fig. 10-13A, 10-14F). The microturbellarian gut 

typically is a simple, unbranched sac or blind-ended tube 

(Fig. 10-14A-C). The flat macroturbellarians usually have a 

gut with lateral branches (ceca) that extend to the margin of 

the body (Fig. 10-14D,E, 10-31A,B). These branches not only 
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FIGURE 10-14 Turbellaria: gut. The midgut is a more or less simple sac in microturbellarians (A-C), such as 

most rhabdocoels (A and B) and macrostomids (C). In the acoels (F), the gut is usually a lumenless syncytium. The 

macroturbellarians, such as triclads (D) and polydads (E), have vessel-like ceca that increase the area of the gut 

and distribute nutrients to all parts of the body. (A-F, Modified and redrawn after Hyman from Rieger, R. M., Tyler, S., 

Smith, f. P. Ill, et al. 1991. Platyhelminthes: Turbellaria. In Harrison, F. W., and Bogitsh, B. (Eds.): Microscopic Anatomy of 

Invertebrates. Vol. 3. Wiley-Liss, New York. pp. 7-140.) 

provide a large area for digestion and absorption, they also 

transport nutrients to all parts of the body and thus function 

as a gastrovascular system. 

The mouth commonly is located on the midventral surface, 

but may be situated anteriorly, posteriorly, or anywhere along 

the midventral line, depending on taxon (Fig. 10-15). Most 

turbellarians also have a specialized glandular pharynx, but its 

structure varies widely. Only one taxon (Acoela) lacks a phar- 

ynx (zero pharynx), and the mouth opens directly into the 

cytoplasm of the digestive syncytium (Fig. 10-14F). Among the 

others, the pharynx ranges from a simple ciliated tube called 

a simple pharynx (as in Macrostomida and Catenulida; Fig. 

10-16A, 10-17) to complex protrusible organs in higher turbel- 

larians (polyclads and all neoophorans). One such pharynx is 

the folded plicate pharynx of polyclads, triclads, and proseri- 

ates (Fig. 10-2E, 10-16B), which are chiefly macroturbellarians 

with branched intestines. The plicate pharynx is a long, mus- 

cular tube that, when retracted, has a fold or pleat in its wall 

and is enclosed in a sheathlike cavity. The extra tissue in the 

pleat allows the pharynx to be protruded outward through the 

mouth during feeding (Fig. 10-18). The plicate pharynx may 

project backward, as in the common freshwater planarians 

(Fig. 10-31A,C), or it may be attached to the cavity posteriorly 

and extend forward. The bulbous pharynx of Rhabdocoela is 

a muscular sucking bulb separated from the parenchyma by 

a septum (Fig. 10-2F-H, 10-16C). This separation isolates the 

pumping action ol the pharynx from the damping effect of 

the ineitial parenchyma. In many species, the bulbous phar- 

ynx can be protruded from the mouth. 

rurbellarians with a zero or simple pharynx tend to feed on 

unicellular algae, and perhaps on bacteria and protozoans. 

The plicate pharynx is associated with predatory species, and 

the bulbous pharynx occurs in predators and the parasitic 

llukes. As such, the evolution of a sucking, bulbous pharynx 

in free-living flatworms is one trait that predisposed them to 

parasitism. 

Turbellarians aie laigely carnivorous and prey on various 

invertebrates that are small enough to be captured (Fig. 

10-17), as well as on the dead bodies of animals that sink to 

the bottom. Feeding behavior is elicited, at least in some 

species (such as planarians), by substances emitted from the 

Paracatenula 

FIGURE 10-15 Turbellaria: mouth. The presence and position 
of the mouth is variable in turbellarians. In at least one rare 
marine interstitial species (A), the catenulid Paracatenula urania, 

a mouth is absent and the animal derives its nutrition directly 
from prokaryotic symbionts found in its rudimentary gut. When 
present, the mouth position ranges from anterior in the 
prolecithophoran Prorhynchus stagnalis (B) to posterior in the 
acoel Diopisthoporus gymnopharyngeus (C) to midventral in many 
others, such as this polyclad (D). (A, Redrawn from Sterrer, W., and Rieger, 

R. M. 1974. Retronectidae—A new cosmopolitan marine family of Catenulida 

(Turbellaria). hi Riser, N. W., and Morse, M. P. (Eds.): Biology of the 

Turbellaria. McGraw-Hill Book Co., New York, p. 132.; B, Redrawn from 

Hyman, L. H. 1931. The Invertebrates: Platyhelminthes and Rhynchocoela. 

The Acoelomate Bilateria. Vol. II. McGraw-Hill Book Co., New York, p. 132; 

C, Drawn from a photograph in Smith, J. P. S. Ill, and Tyler, S. 1983. 

Fine-Structure and Evolutionary Implications of the Frontal Organ in 

Turbellaria Acoela. 1. Diopisthoporus gymnopharyngeus sp. n. Zool. 

Scripta 14:91-102.) 
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FIGURE 10-16 Turbellaria: pharynx. 
A, The simple pharynx of macrostomorphs, 
catenulids, and a few acoels. B, The plicate 
pharynx of polyclads, proseriates, and 
planarians. C, The bulbous pharynx of 
rhabdocoels. (A-C, Modified from Ax, P 

1963. Relationships and phytogeny of the 

Turbellaria. In Dougherty, E. C. (Ed.): The 

Lower Metazoa. University of California Press, 

Berkeley, pp. 191-224.) 
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FIGURE 10-17 Turbellaria: feeding. The freshwater Microstomum caudatum (Macrostomida) uses its simple 
pharynx and mouth, which undergo a surprising dilation, to engulf an oligochaete worm. (All lateral views. 

Modified and redrawn from Kepner, W. A., and Helvestine, F.,]r. 1920. Pharynx of Microstoma caudatum. J. Morphol. 

33:309-316.) 

FIGURE 10-18 Turbellaria: feeding. The 
polyclad Pseudoceros crozieri crawls over 
(left photograph) and preys on (right 
photograph) one zooid of the colonial 
tunicate Ecteinascidia turbinata. While 
feeding, the worm thrusts its everted 
plicate pharynx into one of the sea squirt's 
siphons (right photograph). 

food. Protozoa, rotifers, insect larvae, small crustaceans, snails, 

and small annelid worms are common prey, but some marine 

species feed on sessile animals, such as bryozoans and small 

tumcates. The polyclad Stylochus frontalis feeds on living oysters 

and is nicknamed the “oyster leech,” Stylochus triparitus preys 

on barnacles, and the West Indian Pseudoceros crozieri feeds on 

the colonial tunicate Ecteinascidia turbinata (Fig. 10-18). 

As already indicated, not all turbellarians are predators. 

Some acoel, macrostomid, and polyclad species feed on algae, 

especially diatoms, while other species that are predaceous 
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as adults feed on diatoms as juveniles. Several acoel species 

harbor zoochlorellae, zooxanthellae, or diatoms in their 

parenchyma. At least one of these species (Symsagittifera 

roscoffensis) relies on its mutualists for nutrition and does not 

feed when algae are present in its tissues. 

Many turbellarians capture prey by wrapping themselves 

around it, entangling it in slime, or pinning it to the substra- 

tum by means of their adhesive organs. Species of Mesostoma 

paralyze their prey with toxic mucus. A few species are known 

to stab prey with their penis, which terminates in a hardened 

stylet and projects from the mouth; the interstitial kalyp- 

torhynch rhabdocoels have an anterior, raptorial proboscis that 

may have either a sticky tip or grasping hooks (Fig. 10-19). The 

proboscis of these species is independent of the mouth and 

bulbous pharynx. 

Food is swallowed whole or in pieces. Turbellarians with 

a simple pharynx swallow food whole (Fig. 10-17). Predators 

and scavengers typically use the pharynx to ingest whole prey, 

but others swallow only fragments. In the triclads, for exam- 

ple, the extended pharyngeal tube is inserted into the body 

of the prey or the carrion and the contents are pumped in 

(Fig. 10-31D). The exoskeleton of crustaceans is penetrated 

at thin areas, such as the articular membranes between body 

segments. Penetration by the pharynx and ingestion of the 

body tissues of the prey are aided by proteolytic enzymes 

(endopeptidases) produced by pharyngeal glands that open 

onto the tip of the pharynx. The partially digested and liqui- 

fied contents are then pumped into the gut by pharyngeal 

peristalsis. 

Studies on the acoel Convoluta convoluta showed that small 

prey is captured and engulfed by the digestive syncytium, 

which is partially protruded through the mouth. Larger prey is 

pressed into the mouth and swallowed. In both of these cases, 

prey probably enters the syncytium by phagocytosis. 

Digestion is first extracellular. Hydrolysis of the ingested food 

is initiated by pharyngeal enzymes, and additional enzymes 

(endopeptidases) are supplied by gland cells of the gut. The 

resulting food fragments are then engulfed by phagocytic gut 

cells and intracellular digestion is initiated by endopeptidases 

in vesicles at low pH. About 8 to 12 h following phagocytosis, 

the vesicles become alkaline, which marks the appearance of the 

exopeptidases, lipases, and carbohydrases necessary to complete 

digestion. 

Freshwater planarians as well as many other turbellarians 

can withstand prolonged periods of experimental starvation. 

In extreme cases, they reabsorb and metabolize part of the gut 

and all of the parenchyma and reproductive system tissues. 

Although parasitism in flatworms is usually associated with 

flukes and tapeworms, several turbellarians are either com- 

mensals or parasites. These are largely freshwater and marine 

rhabdocoels (Dalyellioida) as well as the freshwater taxon 

Temnocephalida (Fig. 10-2H). Commensals include species 

that live in the mantle cavity of molluscs and on the gills of 

crustaceans. For example, the triclad Bdelloura is an ectocom- 

mensal on the book gills of horseshoe crabs that shares food 

collected by the host. Parasitic species inhabit the guts and 

body cavities of molluscs, crustaceans, and echinoderms, 

as well as the skin of fishes. Species of the rhabdocoel family 

Fecampiidae are endoparasitic in the hemocoel of crustaceans. 

These turbellarians lack a digestive tract and absorb host 

nutrients across the naked body wall. 

Internal Transport 
Turbellarians are either tiny and more or less cylindrical or 

large and dorsoventrally flattened. In either case, the diffusion 

distance for gas transport is short and oxygen is absorbed 

across the general body wall. In small turbellarians, nutrients 

diffuse from the central gut to the nearby tissues, but in large, 

flat worms the distance from the central gut to the lateral body 

margin exceeds the range of simple diffusion. As a result, 

large, flat turbellarians have gut ceca that transport nutrients 

via ciliary currents to the peripheral parts of the body. In this 

functional sense, the gut of large turbellarians is a gastrovas- 

cular transport system similar to that of cnidarians and 

ctenophores. Nutrients may also be transported intracellularly 

FIGURE 10-19 Turbellana: proboscis. A protrusible proboscis occurs in several groups of turbellarians but is 
particularly well developed in the kalyptorhynch rhabdocoels shown here. One type (A and B) is a muscular mass 
covered by a sticky surface to which prey adhere. Another form (C and D> is a grasping organ that in many cases 
bears hooks. (Redrawn and modified from de Beauchamp. P. 1961. Classe des Turbellaries. In Grasse P -P (Ed )■ Trade de 

Zoologie. Vol. 4. Masson et Cie, Paris, p. 172.) 
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from gastrodermal to fixed parenchymal cells via gap junc- 

tions. Convective circulation may occur in the fluid-filled 

hemocoel of freshwater catenulids. 

Excretion 
Turbellarians eliminate nitrogen from protein metabolism in 

the form of ammonia, which diffuses across the body surface, 

but they release excess water and probably other waste 

metabolites using protonephridia that bear multiciliated ter- 

minal cells (Fig. 10-20). Because there is no circulatory system 

to deliver excess water and other wastes from all parts of the 

body to a centralized kidney, turbellarian terminal cells typi- 

cally are scattered widely throughout the body so that they 

are within diffusion distance *of all tissues (Fig. 10-20A). (An 

exception occurs in the catenulids, which have a single ante- 

rior protonephridium suspended in a hemocoel with circulat- 

ing blood.) The terminal cells then empty into anastomosing 

and sometimes ciliated ducts that eventually open to the exte- 

rior at one or more pores, depending on species. Unlike all 

other turbellarians, acoelomorphs, which are almost exclu- 

sively marine, lack nephridia. 

Reproduction 

REGENERATION 

The phenomenon of regeneration has been studied inten- 

sively in the freshwater planarians and with good reason: The 

regenerative ability of planarians is extraordinary, matched 

only by cnidarians such as Hydra. As long ago as 1825, biolo- 

gists realized that a planarian whose head had been bisected 

longitudinally would soon heal the cut surfaces and regener- 

ate two complete heads. Similarly, if an animal was severed 

into two pieces, either transversely or longitudinally, each of 

the two halves would regenerate the missing parts and 

become a whole worm. In fact, a fragment as small as 1/300th 

of the body will regenerate an entire worm. Such experiments 

continue to provide classes with an introduction to planarian 

regeneration, but contemporary research centers on answer- 

ing two questions: What controls the reestablishment of 

structural pattern and polarity? What is the source of the 

regenerating cells? 

When a planarian is cut or wounded, the adjacent epidermis 

spreads over and seals the wound. A dome-shaped mass of 

neoblasts called a blastema then forms beneath the epidermis. 

Eventually, the missing parts of the body differentiate from 

blastema cells. What is the source of the blastema? The undiffer- 

entiated cells of the blastema may arise from differentiated cells, 

such as muscle cells, by a process of dedifferentiation, or rever- 

sion of the cell to its totipotent, embryonic, undifferentiated 

state, or from a permanent pool of totipotent, undifferentiated 

neoblast cells similar to sponge archeocytes or cnidarian intersti- 

tial cells. At present, there is uncertainty over which of these 

sources predominates in a regenerating turbellarian. 

The control of regeneration is a complex and lengthy topic 

and only one classical example is given here. One of the earli- 

est controls to be studied was regulation of head-tail polarity 

in regenerating transverse slices. If an intact worm is cut trans- 

versely into a series of slices of equal length, a new head always 

regenerates on the front end of each slice, but the new heads 

Flagellum 

FIGURE 10-20 Turbellaria: protonephridia. A, The terminal cells of protonephridia in many turbellarians are 
scattered throughout the parenchyma to bring them within diffusion distance of all the tissues. B, Longitudinal 
and C, transverse sections of a typical terminal cell. (A, Modified and redrawn after Ijima from Benharn, W. B. 1901. The 

Platyhelmia, Mesozoa, and Nemertini. In Lankester, E. R. (Ed.): A Treatise on Zoology. Part 4. Adam and Charles Black, London, 

p. 20; B and C, Redrawn after McKanna from Rieger, R M., Tyler, S., Smith, J. P. S. Ill, et al. 1991. Platyhelminthes: Turbellaria. 

In Harrison, F. W., and Bogitsh, B. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 3. Wiley-Liss, New York. p. 82.) 
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do not regenerate at the same rate on all the slices. Heads 

regenerate faster on slices from the anterior end of the worm 

than on those from the posterior end. Such experiments sug- 

gest that the factor (or factors) that controls the rate of head 

regeneration is distributed along the worm in an anterior- 

to-posterior concentration gradient (Fig. 10-21 A), with more 

of the factor being present in the head and less in the tail. The 

concentration difference between any two points along the 

length of the worm may be the control of head-tail polarity. As 

long as a significant difference in concentration exists 

between the two ends of the slice, a head will regenerate on 

the end having the higher concentration. Thus there should 

be some minimum concentration difference below which 

head-tail polarity is lost. This minimum difference should 

correspond to a minimum distance that can be established 

experimentally by cutting progressively thinner transverse 

slices. Eventually, when a slice is too thin to contain a mini- 

mum concentration difference, polarity is lost and a head is 

regenerated at both ends (Fig. 10-2IB). Such two-headed 

monsters are called Janus heads, after the Roman god of 

doors, who is depicted as a head with two opposite faces. 

Modern research seeks the mechanisms that control regen- 

eration, for example, the growth factors that might initiate 

regeneration, the Hox genes that control anterior-posterior 

f IkiURE 10-21 Turbellaria: regeneration. A, Regeneration rate of 
a planarian head at different body levels. B, The thickness of the slice 
affects maintenance of head-tail (anterior-posterior) polarity. Very thin 
slices lose polarity and form Janus heads. (A, Adapted from Dubois, F. 

1949. Contribution d l etude de la regeneration chez planaires dulcicoles. Bull 

Biol. 83:213-283; B, Adapted from Goss, R. 1969. Principles of regeneration. 

Academic Press, New York.) 

polarity, and the region-specific markers (proteins) that may 

direct anterior-posterior and dorsal-ventral polarity. Once 

these control factors have been identified, it is hoped that 

some may have a therapeutic role in stimulating regeneration 

of, among other things, nervous tissue in humans with dam- 

aged spinal cords. 

CLONAL REPRODUCTION 

Many turbellarians, especially freshwater species, reproduce 

clonally by means of transverse or, rarely, longitudinal fission 

and by budding (Fig. 10-22). The large freshwater planarians 

typically divide into two pieces and then regenerate missing 

parts after separation. The fission plane usually forms behind 

the pharynx and separation appears to depend on locomo- 

tion: The posterior end of the worm clings to the substratum 

while the anterior half continues to move forward until the 

two regions pull apart. Among species of Catenula, Stenosto- 

mum, and Microstomum, the parent’s body differentiates into a 

chain of zooids before fission separates them into new 

individuals in a process called paratomy (par-AT-oh-me; 

Fig. 10-22A). This form of reproduction resembles strobilation 

in scyphomedusae. 

If differentiation (or regeneration) occurs after fission, the 

process is known as architomy (are-KIT-oh-me). Architomy of 

the body into several fragments occurs in a few species of 

freshwater planarians, such as members of the genus Phago- 

cata, and some land planarians (Fig. 10-22B). In Phagocata, 

each fragment forms a cyst in which regeneration takes place. 

Later, a small, complete worm emerges from the cyst. 

Budding occurs primarily in acoels, such as Convolutiiloba, 

which buds offspring from any lobe of its trilobed posterior 

end (Fig. 10-22C). The anterior-posterior polarity of the differ- 

entiating bud is 180° opposite that of the parent. The oppos- 

ing ciliary movement of parent and bud causes the bud to 

break free. 

Clonal reproduction may be controlled by day length and 

temperature. Freshwater planarians, for example, almost all of 

which inhabit temperate regions, reproduce clonally by fission 

during the summer and sexually during the fall under the 

stimulus of shorter day lengths and lower temperatures. Asex- 

ually reproducing laboratory cultures of Catenula have been 

maintained for as long as six years without the occurrence of 

sexual reproduction. Parthenogenesis is also an important 

reproductive strategy in most Catenulida. 

The common planarian Dugesia dorotocephala, which is easily 

maintained in laboratory culture and has been studied exten- 

sively, undergoes fission only at night. During the day the brain 

produces a substance that inhibits fission, and the production of 

the inhibitor appears to be under photoperiodic control. 

SEXUAL REPRODUCTION AND DEVELOPMENT 

All turbellarians, except for a few specialized parasitic species, 

are hermaphrodites, reproducing by way of copulation and 

internal fertilization. Because turbellarians are small animals 

and because eggs have a lower natural-size limit of approxi- 

mately 50 pm, turbellarians produce relatively few eggs, which 

are never recklessly spawned. Development is usually direct, but 

in many large-bodied marine species (Polycladida), successive 
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FIGURE 10-22 Turbellaria: clonal (asexual) reproduction. A, Paratomy in the catenulid Catenula lemnae. 
B, Architomy in a planarian, C, Budding in the acoel Convolutriloba. (B, After Marcus from de Beauchamp, P. 1961. 

Classe des Turbellaries. In Grasse, P. -P (Ed.): Traite de Zoologie. Vol. 4. Masson et Cie, Paris; C, From Tyler, S. 1999. 

Platyhelminthes. In Knobil, E., and Neill, J. D. (Eds.): Encyclopedia of Reproduction, Vol. 3. Academic Press, San Diego, 

pp. 901-908.) 

batches of numerous eggs develop indirectly into plank- 

totrophic larvae. 

Except in acoels and a few others (Fig. 10-23A), the gonads 

are saccate and enclosed in an epithelium and thereby separated 

from the surrounding parenchyma (Fig. 10-23B). The male and 

female systems are complex and variable, but can be generalized 

as follows. The male part of the system, transporting sperm out, 

consists of paired testes, each of which leads into a sperm duct, a 

seminal vesicle (a storage sac for its own sperm), and a penis 

(copulatory organ). The penis may be armed with a stylet and 

FIGURE 10-23 Turbellaria: reproductive system ("archoophora"). A, Acoela: discrete ovaries and testes are absent 
and germ cells mature in parenchyma. B, Macrostomida: small animals with ovaries, testes, and well-developed 
accessory reproductive organs. C, Polycladida: multiple ovaries and testes scattered between gut ceca (not shown); 
accessory organs are well developed. (A, Modified and redrawn from Rieger, R M., Tyler, S., Smith, J. P. S. Ill, et al. 1991. 

Platyhelminthes: Turbellaria. In Harrison, F. W., andBotish, B. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 3. Wiley-Liss, 

New York. p. 98; B, Modified and redrawn from Schmidt, P., and Sopott-Ehlers, B. 1976. Interstitielk Fauna von Galapagos. XV. 

Macrostomum O. Schmidt, 1848 und Siccomacrostomum triviale nov. gen. nov. spec. (Turbellaria, Macrostomida). Mihrofauna 

Meeresbodens 57:1-44; C, Redrawn and modified after von Graff from Benham, W. B. 1901. The Platyhelmia, Mesozoa, and 

Nemertini. In Lankester, E. R (Ed.): A Treatise on Zoology. Part 4. Adam and Charles Black, London, p. 37.) 
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FIGURE 10-24 Turbellaria: reproductive system (Neoophora). Proseriate (A), rhabdocoel (B), and triclad 
(C) turbellarians with heterocellular ovaries. In all three examples, the vitellaria, which contain the yolk-forming 
vitellocytes, lie near the wall of the gut and its branches. Vitellaria, with their large volume and small vitellocytes, 
may be a specialization for rapid yolk synthesis. (A, Modified and redrawn from Ax, P, and Ax, R. 1977. Interstitielk Fauna 

von Galapagos. XIX. Monocelidae (Turbellaria, Proseriata). Mikrofauna Meeresbodens 64:1—44; B, Modified and redrawn pom 

Noldt, U., andReise, K. 1987. Morphology and ecology of the kalyptorhynch Typhlopolycystis rubra (Platyhelminthes) an inmate 

°f lugworm burrcrws in the Wadden Sea. Helgol. Wiss. Meeresunteers. 41:185—199; C, Modified and redrawn from de Beauchamp, 
P. 1961. Classe des Turbellaries. In Grasse, P. -P (Ed.): Traite de Zoologie. Vol. 4. Masson et Cie, Paris, p. 83.) 

often receives secredons from a prostate gland. The female part 

of the system, through which sperm move in from the partner, is 

specialized as a gonopore (vagina), copulatory bursa, and semi- 

nal receptacle, the latter two for short- and long-term storage, 

respectively, of the partner’s sperm (Fig. 10-23, 10-24). The 

female system also produces eggs and transports them out from 

paii ed ovaries via an oviduct to the gonopore. The eggs are 

oviposited singly or cemented down in masses (Fig. 10-27A,B). 

Some turbellarians have more than two testes or ovaries. 

Another female accessory reproductive organ, the uterus, is 

used as a temporary storage sac for ripe eggs. The uterus may 
IK a blind sac, as is the case in some rhabdocoels, or it may be 

merely a dilated part of the oviduct, as in polyclads (Fig. 

10-23C). Most turbellarians, however, lack uteri because only a 

few eggs are laid at a time. 

In acoels and catenulids, the female system is less well 

developed than in other turbellarians. Some have no female 

ducts at all, not even a gonopore (Fig. 10-23A). In others, 

there ait no oviducts, but a short, blind vagina for receiving 

the penis leads from a female gonopore. Some zoologists 

believe that this condition in acoels is secondarily derived 

from a more complex system, whereas others consider it to be 

primitive. Separate male and female gonopores are character- 

istic of most macrostomids, many acoels, and the polyclads, 

and this is probably the primitive turbellarian condition. Many 

turbellarians, however, including the common planarians, 

have a single gonopore and genital atrium into which both 

male and female systems open. 

Depending on taxon, turbellarians have either homocellular 

or heterocellular ovaries and archoophoran or neoophoran 

reproductive systems, respectively. The homocellular ovary of 

primitive turbellarians (= “Archoophora”; Fig. 10-23) produces 

eggs in which yolk is an integral part of each egg’s cytoplasm 

(entolecithal eggs), similar to the eggs of most other animals 
(Fig. 10-25E). The heterocellular ovary of the derived 

Neoophora (= new egg bearers), however, is divided into two 

specialized regions, a germarium (or ovary proper) for the 

production of eggs and a vitellarium (or yolk gland) for the 

production of yolk-filled cells called vitellocytes (Fig. 10-24B,C; 

10-25F). The germarium and vitellarium can be united into 

a germovitellarium or they may be separate organs linked 

together by a common duct (Fig. 10-24B). In either case, after 
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FIGURE 10-25 Turbellaria: sperm and 
eggs. A, Uniflagellate 9 + 2 sperm of the 
Nemertodermatida. B, Sperm of some 
Acoela without free flagella (two 9 + 2 
axonemes incorporated into cell). C and 
D, Biflagellated sperm of Polycladida 
and Rhabdocoela, both with 9 + 1 
axonemes. E, Entolecithal (yolk- 
containing) egg of archoophoran 
turbellarians. F, Encapsulated egg + 
vitellocytes (together an ectolecithal 
"egg") of neoophoran turbellarians (and 
Neodermata). In some examples, the 
capsule may contain several eggs and 
hundreds of vitellocytes. (A-D, Redrawn 
from Hendelberg, J. 1986. The phylogenetic 
significance of sperm morphology in the 
Platyhelminthes. Hydrobiologia. 132:53-58; 
E and F, Combined and redrawn from several 
sources.) 

the yolkless egg is released from the germarium, it is sur- 

rounded by several vitellocytes and together egg and vitellocytes 

are enclosed in a capsule (Fig. 10-25F, 10-27C,D) secreted, in 

part, by a specialized region of the reproductive duct. The 

encapsulated egg and vitellocytes are sometimes called an 

ectolecithal “egg.” In the remainder of this chapter, the term 

egg refers to the female reproductive cell (oocyte or ovum), 

whereas the term “egg” means the encapsulated ovum (or 

zygote or embryo) plus the vitellocytes. 

The division of the heterocellular ovary into egg- and 

vitellocyte-producing regions may be an adaptation to increase 

the rate of yolk synthesis and thus the number of eggs provi- 

sioned or the amount of yolk allocated to each egg. During 

yolk synthesis in the vitellarium, the small yolk-precursor 

molecules enter the vitellocyte across its membrane. The rate 

at which the precursors enter is probably determined, in part, 

by the surface area of the cell. Because many small vitellocytes 

have a larger total surface area than one large, yolk-filled egg 

of equal volume, the vitellocytes should be able to synthesize 

yolk at a greater rate than a single large egg. Furthermore, by 

scattering the many vitellocytes throughout the body in 

vitellaria (Fig. 10-24C), the yolk-forming cells have access to 

nutrients provided by the entire surface of the gut and its 

ceca. At least two predictions follow from this untested 

hypothesis: Flatworms with a heterocellular ovary should pro- 

duce eggs at a greater rate than worms with homocellular 

ovaries and entolecithal eggs, or they should provide more 

nutrition to each egg, resulting in larger-bodied juveniles. 

Either outcome — more offspring or larger, better-provisioned 

offspring—may enhance fitness. All parasitic platyhelminths 

have heterocellular ovaries and produce the large number of 

offspring necessary to locate their hosts. 

With the exception of one taxon (Nemertodermatida), 

turbellarian sperm are highly modified for internal fertilization. 

Nemertodermatids have uniflagellate sperm with a 9 + 2 flagel- 

lar axoneme (Fig. 10-25A), as is typical of most other animals. 

The sperm of most turbellarians, however, are biflagellate. 

Acoel sperm are biflagellate, but the 9 + 2 flagellar axonemes 

are embedded in the body of the sperm and do not enter a tail 

(Fig. 10-25B). Each of the two sperm flagella of higher turbel- 

larians (Trepaxonemata) has a 9 + 1 axoneme (Fig. 10-25C,D); 

the sperm of a few turbellarians lack flagella altogether. 

Sperm transfer in turbellarians is by copulation and is usu- 

ally reciprocal. In most, the penis is inserted into the female 

gonopore or common female-male gonopore of the partner. 

During copulation the worms orient themselves in a variety of 

ways with the ventral surfaces around the genital region 

pressed together and elevated (Fig. 10-26A,B). Hypodermic 

impregnation occurs in some acoels, macrostomids, rhabdo- 

coels, and polyclads. The penis, which bears stylets, is pushed 

through the body wall of the copulating partner, depositing 

sperm into the parenchyma (Fig. 10-26B,C). The sperm then 

migrate to the ovaries. Self-fertilization probably occurs only 

in some exceptional species. 

Except for the macroturbellarian polyclads, turbellarians 

with homocellular ovaries generally release only a few eggs at 

any one time (Fig. 10-27A). Polyclads lay their numerous eggs 

in gelatinous strings or masses (Fig. 10-27B), and one individual 

may lay several egg masses in succession. Although vitellaria are 

absent, the fecundity of polyclads probably results from large 
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FIGURE 10-26 Turbellaria: copulation. A, The acoel Polychoerus carmelensis; B, The freshwater triclad 
Dugesia; C, The acoel Pseudaphanostoma psammophilum. (A, Redrawn from Costello, H. M., and Costello, D. P. 1938. 

Copulation in the acoelous turbellanan Polychoerus carmelensis. Biol. Bull. 75:85— 98; B, Redrawn from Hyman, 1951; 

C, Redraion from Apelt, G. 1969. Fortpflanzungsbiologie, Entwicklungszyklen und vergleichende Fruhentwicklung acoeler 

Turbellarien. Mar. Biol. 4:267—325.) 

body size and division of the ovary into numerous small folli- 

cles, each of which is supplied with nutrients from its own gut 

cecum (Fig. 10-23C). The eggs of many polyclads also develop 

into planktotrophic larvae, and thus the parent may not invest 

as much energy in each egg as would a direct-developing flat- 

worm. Acoels lack oviducts and release their eggs through the 

mouth or by temporary rupture of the body wall (Fig. 10-27A). 

Neoophoran turbellarians, including planarians, typically 

deposit their eggs and vitellocytes in capsules attached to the 

substratum. Each capsule may house one or more eggs. In 

many species, including Dugesia, each oval, brownish capsule 

is attached by a slender stalk and resembles a balloon (Fig. 

10-27C,D). One worm can produce several capsules and many 

embryos may develop in each. The protective egg capsules of 

neoophoran turbellarians may have preadapted them to resist 

the digestive enzymes of grazing animals, thus setting the stage 

for the adoption of endoparasitism. 

Some freshwater turbellarians produce two types of “eggs”: 

summer “eggs,” which are enclosed in a thin egg capsule and 

hatch in a relatively short period, and resting “eggs,” which have 

a thicker and more resistant capsule (Fig. 10-28). Resting “eggs” 

are usually produced in the fall, remain dormant during the 

winter, resist freezing and drying, and hatch in the spring with 

the rise in water temperature. In Mesostoma ehrenbergii, the 

generation time is between 16 and 75 days, depending on water 

temperature, and one individual produces about 15 summer 

“eggs” or 45 resting “eggs.” The life span is between 65 and 

140 days. 

Early development of entolecithal eggs is by spiral cleavage 

like that occurring in other spiralian taxa (Fig. 10-29A,B, 

franciscanus 
FIGURE 10-27 Turbellaria: oviposition. A, Egg masses attached to algae by the marine acoel Convoluta 
convduta. B, Egg mass attached to a stone by a marine polyclad. C, Egg capsules ("eggs") attached to a stone by 
the freshwater triclad Dugesia. D, Egg capsule ("egg") released into the intestine of a sea urchin by the parasitic 
marine rhabdocoel Synd,syrinx franciscanus. (A, Redrawn from Apelt, G. 1969. Fortpflanzungsbiologie, 

Entwicklungszyklen und vergleichende Fruhentwicklung acoeler Turbellarien. Mar. Biol. 4:267-325; C, Redraion from 

Pennak, 1978; 1), Drawn from a photograph in Shinn, G. /.., and Cloney, R. A. 1986. Egg capsule’s of a parasitic flatworm: 

Ultrastructu re of hatching sutures. J. Marphol. 188:15-28.) 
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FIGURE 10-28 Turbellaria: resting "eggs." Thick-walled resting "eggs" 

in the freshwater rhabdocoel Mesostoma lingua. (FromMac-Fim, V. 1974. 

The turbellarian fauna of the Romanian littoral waters of the Black Sea and its 

annexes. In Riser, N. W., and Morse, M. P. (Eds.): Biology of the Turbellaria. 

McGraw-Hill Book Co., New York. p. 263.) 

9-22B). Gastrulation is by epiboly and produces a stereogas- 

trula. The mouth and pharynx form from an ectodermal 

invagination near the site of the closed blastopore. This invagi- 

nation joins the archenteron, which is a solid mass that later 

becomes hollow. Mesoderm originates, as mesenchyme, from 

both ectoderm and endoderm. It migrates into the region 

between the two primary germ layers and later gives rise to the 

musculature, parenchyma, and germ cells (Fig. 10-29A,B). 

Turbellarians in general have direct development, but some 

polyclads produce uniformly ciliated, planktotrophic larvae: 

Goette’s larvae with four arms and Mueller’s larvae with eight 

(Fig. 10-30). Cilia on the arms are longer than those elsewhere 

on the body and are used in locomotion and feeding, like the 

prototroch of trochophore larvae (Chapter 12). Anteriorly, 

there is a ciliary tuft on an apical organ. The larvae swim about 

for several days, gradually absorb their arms, and then settle to 

the bottom as young worms. 

The developmental pattern of neoophoran flatworms prob- 

ably evolved from spiral cleavage, but in most species the pres- 

ence of vitellocytes has altered the cleavage pattern of the 

egg, disguising its original form (Fig. 10-29C). Neoophoran 

turbellarians lack a free-swimming larva, development is direct, 

and the young worms emerge from the capsule in a few weeks. 

Diversity of Turbellaria 
In traditional classifications, Turbellaria (free-living flatworms) 

is a class of Platyhelminthes containing numerous orders, such 

as Acoela, Tricladida, and Polycladida, all of equal rank. 

Modern cladistic analysis preserves these groups, but not with 

equal ranks (Fig. 10-32). The “class” Turbellaria, moreover, is a 

paraphyletic taxon characterized solely by plesiomorphic traits 

such as a ciliated epidermis, compact body, or free-living (non- 

parasitic) lifestyle. 

Homocellular ovaries and entolecithal eggs typify the prim- 

itive taxa of Turbellaria, such as Catenulida, Acoelomorpha, 

Macrostomorpha, and Polycladida, which previously were 

united in the paraphyletic “Archoophora” (= primitive egg 

bearers). The remaining flatworms, including the parasitic 

taxa, share the apomorphy of heterocellular gonads and 

ectolecithal eggs and are Neoophora (= new egg bearers). 

Most of the taxa listed below are the well-defined, longstand- 

ing Linnean orders, the working units of turbellarian systema- 

tists. Cladistic analyses of Turbellaria are recent, and many of 

the new cladistic ranks are supported by few or questionable 

apomorphies. Some of these higher taxa are indicated below 

without a Linnean superscript and ranked in the Phylogenetic 

ffierarchy of Platyhelminthes and in Figure 10-32. 

Catenulida0: Small body usually long and slender (Fig. 

10-15A). Density of epidermal cilia low (two per cell) as com- 

pared with remaining turbellarians. Head commonly has 

a statocyst (Catenula) with one statolith (uniquely behind 

brain), two ciliated pits (Stenostomum; Fig. 10-12D), and often 

two colorless eyes. Internally, head of some (Stenostomum, 

Rhynchoscolex) houses a hemocoel (Fig. 10-13C) in which pro- 

tonephridial terminal cells are suspended. Nephridioduct 

extends posteriorly and opens on tail. Ventral (or dorsal) 

mouth opens into simple pharynx that leads into ciliated, 

blind, tubular gut. Gonads are unpaired, anterior and dor- 

sal, male gonopore opens dorsally above phaiynx. Sperm 

lack flagella. Oviducts absent. Many reproduce clonally by 

paratomy, and individuals composed of chains of zooids are 

not uncommon (Fig. 10-22A). Marine, common in fresh- 

water lakes and ponds. Catenula, Stenostomum (Fig. 10-2C), 

Rhynchoscolex. 

Euplatyheiminthes: Sister taxon of Catenulida, including 

all other turbellarians. High density of epidermal cilia; 

primitively with frontal glands. 

Acoelomorpha: Epidermal ciliary rootlets inteijoined to 

form skeletal network. Epidermal cilia have step or shelf 

near their truncated tips (Fig. 10-7A). Extracellular matrix 

is nearly absent (Fig. 10-3A, 10-13A); protonephridia are 

absent. Includes Nemertodermatida and Acoela. 

Nemertodermatida0: Small; resemble acoels, but have uni- 

flagellate sperm (Fig. 10-25A), gut with lumen lined by cel- 

lular, nonciliated gastrodermis, statocyst with two statoliths 

(Fig. 10-2B). Marine. Nemertoderma. 

Acoela0: Small, usually less than 2 mm in length. Statocyst 

with one statolith (Fig. 10-11A, 10-12A). Pharynx usually 

absent (zero pharynx); mouth opens into nonglandular cen- 

tral syncytium; cellular gut absent (Fig. 10-13A, 10-14F). 

Gonads lack epithelium; individual germ cells in parenchyma 

(Fig. 10-23A). Sperm biflagellate, flagellar shafts not free, 

instead embedded in the body of the sperm. Oviducts absent, 

eggs released from mouth or body-wall rupture. Spiral cleav- 

age by duets (Fig. 10-29A) rather than quartets as in other 

spiralians. Common, marine; found under rocks, among 

algae, in mud, interstitially in sand, several species pelagic, 

few in fresh water (Oligochoerus; Fig. 10-2A). Some species 
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FIGURE 10-29 Turbellaria: development (cleavage, gastrulation, and 
mesoderm segregation). A, Spiral cleavage by duets and development in 
Acoela. B, Spiral cleavage by quartets (typical of other spiralians) and 
development in Polycladida. C, Modified cleavage and development in 
Neoophora — in this example in a triclad, Dendrocoelum (Q—in which 
some of the vitellocytes liberate their yolk into the embryonic mass (later 
the parenchyma) and others are ingested by the archenteron. Mes- 
enchyme is the embryonic precursor of the parenchyma. (A, Modified and 

redrawn after Bresslau from de Beauchamp, P. 1961. Classe des Turbellaries. In 

Grasse, P. -P (Ed.): Traite de Zoologie. Vol. 4. Masson et Cie, Paris, p. 183; B, 

Modified and redrawn after Kato from Thomas, M. B. 1986. Embryology of the 

Turbellaria and its phylogenetic significance. Hydrobiologia 132:103-113; C, 

Modified and redrawn after Hallez from Korschelt, E., and Heider, K. 1893. Text- 

book of the Embryology of Invertebrates. Part 1. Sawn Sonnenschein & Co., 

New York. pp. 170-172.) 

commensal in intestine of various echinoderms. Amphiscolops, 

Archaphanostoma, Convoluta, Diopisthoporus, Paratomella, Poly- 

choerus, Symsagittifera. 

Rhabditophora: Sister taxon of Acoelomorpha. With rhab- 
ciites (Fig. 10-5) and duo-gland adhesive structures (Fig. 

10-7B), piimitive with simple pharynx surrounded by nerve 

iing neai mouth. Includes all remaining turbellarians. 

Macrostomorpha. Sister taxon of Trepaxonemata; includes 

Macrostomida and Haplopharyngida; paired lateral nerve 

coids joined behind mouth by a commissure. 

Macrostomida0: Small; paired ocelli; simple, saclike ciliated 

gut; simple pharynx (Fig. 10-2D, 10-14, 10-17, 10-23B). One 

pair of ventrolateral nerve cords with nerve commissure 

behind mouth. Sperm lack flagella. Microstomum reproduces 

asexually by paratomy, forms chains of zooids (similar to 

catenuhd in Fig. 10-22A). Marine and fresh water. Macrosto- 

mum, Microstomum. 

Haplopharyngida0: Small, similar to macrostomids, but with 

proboscis and temporary' anus (Fig. 10-7B). Marine. Hap- 

lopharynx. 

Trepaxonemata: Sister taxon of Macrostomida plus Hap- 

lopharyngida (Macrostomorpha). With biflagellate sperm, 

the flagella of each with 9 + 1 axoneme (Fig. 1Q-25C,D). All 

have a muscular protrusible pharynx (Fig. 10-16B.C). 

Includes all remaining turbellarians. 

Polycladida0: Large (centimeter-size range; largest 30 cm), 

marine. More or less oval body highly flattened, tissue thin 

(Fig. 10-1E, 10-5). Primarily benthic (Fig. 10-9B), but many 

species swim by undulating body margins (Fig. 10-10). Often 

have one pair of anterior marginal, or dorsal, chemosen- 

sory tentacles. Eyes numerous over brain, sometimes also 

along body margin, in tentacles (Fig. 10-1E, 10-12B). Ventral 

attachment sucker in CotyIeas° (Fig. 10-7C), absent in 

Acotyleas°. 

Long central gut with many ceca (Polycladida = 

many branched; Fig. 10-14E). Plicate pharynx either 

anteriorly directed tube or pendant from roof of pha- 
ryngeal cavity (Fig. 10-14E, 10-18). Parenchyma well devel- 

oped (Fig. 10-13B). Testes and homocellular ovaries 

divided into small follicles scattered throughout body 

among gut branches (Fig. 10-23C). Entolecithal eggs 

with spiral cleavage by quartets (Fig. 10-29B). Plank- 

totrophic Mueller’s and Goette’s larvae in many species 
(Fig. 10-30). 
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FIGURE 10-30 Turbellaria: direct development and larval 
development in flatworms with homocellular ovaries ("archoophora"). 
The indirect development of many Polycladida results in either 
planktotrophic Mueller's or Goette's iarvae. During metamorphosis, 
these free-swimming larvae reabsorb their arms and soon resemble the 
juvenile at the bottom of the figure. (Redrawn from Ruppert, E. E. 1978. 

A review of metamorphosis of turbellarian larvae. In Chia, F. -S., and Rice, 

M. E. (Eds.): Settlement and Metamorphosis of Marine Invertebrate Larvae. 

Elsevier/North-Holland, Inc., New York. pp. 65-82.) 

Brightly colored polyclads, which are stunningly beauti- 

ful, feed in plain view on sea squirts, other sessile inverte- 

brates. Bright colors probably aposematic, warning would- 

be predators. Some species poisonous with tetrodotoxin or 

staurosporine; others mimic toxic nudibranch molluscs 

(sea slugs) and gain protection by association. Stylochus 

frontalis (oyster leech), southeastern United States, grazes 

on flesh of living oysters as they gape open to feed. Gnesio- 

ceros, Leptoplana, Notoplana, Pseudoceros, Stylochus. 

Neoophora: Sister taxon of Polycladida. Flatworms (includ- 

ing parasitic platyhelminths) with heterocellular ovary (Fig. 

10-24). Ovary divided into two regions, egg-producing ger- 

marium (ovary) and yolk-cell- (vitellocyte-) producing vitellar- 

ium (Fig. 10-24); ectolecithal “eggs” (Fig. 10-25F) with some 

egg-capsule components contributed by glands associated 

with egg-laying duct. Development greatly modified from 

ancestral spiral pattern (Fig. 10-29C). 

Lecithoepitheiiata0: Each egg surrounded by an epithe- 

lium-like monolayer of yolk cells. Germarium and vitellar- 

ium combined in a mixed germovitellarium. Mouth and 

complex pharynx are at anterior end of body; the gut is 

simple, unbranched (Fig. 10-15B). Marine and freshwater 

species. In freshwater Geocentrophora and Prorhynchus, male 

copulatory apparatus, which bears a stylet, opens into oral 

cavity. Slender, white Prorhynchus stagnalis is one of the most 

common freshwater flatworms. 

Prolecithophora0: Small; plicate or bulbous pharynx; sim- 

ple gut, sometimes with ruffled outline. Heterocellular 

ovary divided spatially into separate germarium and vitellar- 

ium. In many species, but not in Plagiostomum or Hydroli- 

max, the male copulatory organ, which usually lacks a stylet, 

opens into the oral cavity (Urostoma; Fig. 10-8); sperm lack 

flagella. Marine and fresh water. 

Seriata: Plicate pharynx an elongate tube in longitudinal 

body axis (Fig. 10-2E, 10-31A). Testes and vitellaria divided 

into follicles (Fig. 10-24C). Includes Proseriata, Tricladida. 

Proseriata0: Small; statocyst with one statolith. Pharynx pli- 

cate and tubular, but gut unbranched. Mostly marine, many 

interstitial (Fig. 10-2E). Otoplana common, interstitial, fast- 

moving species in swash zone of high-energy beaches. 

Monocelis, Nemertoplana. 

Tricladida0: Large; tubular gut branches into three parts—one 

anterior, two posterior (Tricladida = three branched; Fig. 

10-14D, 10-31A). Each of three branches has ceca. Three 

main gut branches unite in midbody, anterior to mouth and 

pharynx, to form common chamber where pharynx and 

mouth are located. Triclad embryos uniquely develop a transi- 

tory pharynx for feeding on yolk cells. Among marine species, 

Bdelloura (Fig. 10-1C) is commensal on book gills of horseshoe 

crabs. Freshwater planarians include Dendrocoelum, Dugesia 

(Fig. 10-1B), Phagocata, Planaria, Polycelis, Procerodes, Procotyla, 

and Rimacephalus. Dugesia spp., widely studied in classrooms 

and research labs, is probably the best-known turbellarian 

(Fig. 10-9C, 10-11C, 10-21, 10-24C, 10-27B, 10-31). Land pla- 

narians include Bipalium, Geoplana, Orthodemus. 

Rhabdocoela0: Small; bulbous pharynx (Fig. 10-2F,G, 10-14B, 

10-16C), simple gut, one pair of nerve cords. Marine and 

fresh water. Includes remaining taxa. 

Typhloplanoida50: Mouth and bulbous pharynx near mid- 

dle of body (Fig. 10-2G); pharyngeal axis dorsoventral, 

pharynx (dorsal view) resembles a doughnut. Kalyp- 

torhynchia: mostly marine, interstitial species with anterior 

terminal proboscis (Fig. 10-19). The protrusible proboscis 

often bears hooks or teeth and is used to catch prey; mouth 

and pharynx anterior to middle of body. Marine, fresh 

water. Gnathorhynchus, Gyratrix, Mesostoma (Fig. 10-28). 

Dalyellioida50: Marine and fresh water, some free-living 

(Dalyellia, Provortex), others commensal or parasitic on and 

in snails, clams, sea urchins, and sea cucumbers (for exam- 

ple, Anoplodiera, Kronborgia (Fecampiidae), Syndesmis). 

Temnocephalidas0: Posterior ventral surface differentiated 

into adhesive disc, anterior margin bears fingerlike pro- 

jections by which worm creeps leechlike on its host (Fig. 

10-91). Syncytial epidermis (Fig. 10-3D). Commensal and 

parasitic on crustaceans, molluscs, and turtles (Fig. 10-ID, 

10-2H). Temnocephala. 

Neodermata: Parasitic flukes and tapeworms; to be dis- 

cussed later in this chapter. 

Phylogeny of Turbellaria 
Few evolutionary questions have prompted more speculation 

and controversy than the origin of Turbellaria. Although several 

theories propose to trace their ancestry, only two are actively 

discussed by current researchers. The first is the planula theory, 

which was devised by L. von Graff in the nineteenth century 

and championed in the United States by the late Libbie Hyman. 

It states that the turbellarians and cnidarians arose from a 

common ancestor, the planuloid, which resembled a cnidarian 

planula larva. The planuloid ancestor would have had an outer 
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epidci mal epithelium, an inner gastrodermal epithelium, and 

connective tissue (mesoglea) in between. According to this 

theory, the flatworm gut and parenchyma correspond to the 

coelenterate coelenteron and mesoglea, respectively. 

An alternative idea is that turbellarians are not primitive 

bilaterians, but instead have evolved from a coelomate ancestor 

by anatomical simplification. This hypothesis, the coelomate 
theory (part of a broader enterocoel theory), receives indirect 

support from the complexity of the turbellarian reproductive 

system and epidermis, neither of which has a counterpart in 

diploblastic animals. The ciliated epidermal cells of turbellari- 

ans, for example, always bear many cilia each, whereas those of 

diploblastic animals primitively and predominantly have only 

one cilium per cell. 

Although it is relatively easy to imagine how an organism 

like a planula larva could evolve into a simple turbellarian by 

the addition of complexity, it is more difficult to see how a 

coelomate animal such as a segmented worm (annelid) or an 

acorn worm (hemichordate) could, by simplification, trans- 

form into an acoelomate animal. Modern proponents of this 

latter theory believe that reduction in body size could have 

been the crucial factor in such a transformation. It has been 

noted already that small body size is correlated with ciliary 

rather than muscular modes of locomotion, an absence of 

internal fluid transport systems (including a coelom), and the 

occurrence of protonephridia (Chapter 9). The actual disap- 

pearance of a coelom could occur by a filling in of the 

coelomic cavity with enlarged mesothelial cells to form a cellu- 

lar parenchyma (Fig. 9-llF,G). 

Another possibility is that the Turbellaria evolved from a 

coelomate ancestor not by reduction, but by pedomorphosis— 

that is, from an early developmental stage of such a coelomate 

PHYLOGENETIC HIERARCHY OF PLATYHELMINTHES 
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ancestor before differentiation of the coelom. Larvae of coelo- 

mates are acoelomate (compact), similar to flatworms, and if 

they developed reproductive organs precociously, before the 

coelom differentiated, a flatwormlike animal would result (Fig. 

9-23F). 

On the other hand, advocates of the planula theory ratio- 

nalize some of the structural discrepancies between turbellari- 

ans and diploblastic animals by suggesting that the acoelomate 

and monociliated Gnathostomulida (Chapter 23) forms an 

evolutionary bridge between the two taxa. 

The uncertain systematic position of Turbellaria (and Platy- 

helminthes) has so far eluded molecular systematics and com- 

puter-based numerical taxonomy. Some studies place flatworms 

at or near the origin of Bilateria whereas others, based on the 

18S ribosomal gene, position only the Acoela or Nemertoder- 

matida in such a basal position as a separate taxon, leaving the 

remaining Platyhelminthes as a derived taxon of spiralians. 

A phylogeny of platyhelminth taxa, based on morphology, 

is shown in Figure 10-32. 

NEODERMATA 
Few experiences are more memorable than firsthand encounters 

with parasitic flatworms, such as pulsating tapeworm proglottids 

emerging from a cat’s anus or a large fluke in the liver of a deer. 

The worms elicit feelings of revulsion but engage our morbid 

curiosity, and deserve admiration for their adaptive success. These 

parasites, which include flukes, tapeworms, and their relatives, are 

biologically remarkable animals. Most are endoparasites and many 

colonize a succession of different hosts in different environments 

before they complete their life cycle. Not only must they adjust 

physiologically to life in each of these abiotic and host environ- 

ments, but also locate and infect each new host. Their fascinating 

biology is related to how they meet these challenges. From the 

standpoint of human ecology, these worms attack and debili- 

tate economically important wildlife and domestic animals, and 

humans themselves. Schistosomiasis, a fluke affliction of 300 

million humans, is the third most common parasitic disease of 

humans, behind malaria and hookworm infections. 

The parasitic flatworms inherited the sucking, bulbous phar- 

ynx from free-living turbellarian ancestors and evolved a new 

trait that helped adapt them to endoparasitism. That new trait is 

the partial or complete replacement of the cellular epidermis by 

a new, nonciliated, syncytial layer called neodermis, or tegument 

(Fig. 10-33). During development, the embryonic epidermis is 

sloughed off and then replaced from below by necklike exten- 

sions of parenchymal neoblasts. The neoblast necks penetrate 

the epidermal basal lamina, spread over its outer surface, and 

fuse laterally with the spreading necks of other neoblasts to form 

the syncytial neodermis. The neoblast cell bodies, called cytons, 
each containing a nucleus, remain below the basal lamina in the 

parenchyma. Thus the neodermis encloses the body in a syn- 

cytium, which extends via its cytons deep into the parenchyma. 

The functional attributes of a syncytium are related to its 

structure. A syncytial layer, because it is one multinucleate cell, 

lacks intercellular spaces. The absence of intercellular spaces 

means that substances cannot slip unregulated between cells to 

*The names of paraphyletic taxa are enclosed in quotation marks. 
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FIGURE 10-32 Phytogeny of Platyhelminthes with emphasis on 
Turbellaria. 1, Platyhelminthes: multiciliated epidermis and gastrodermis; 
each protonephridial terminal cell has two cilia. 2, Catenulida: mid-dorsal 
testes and anterior mid-dorsal male gonopore; single mid-dorsal 
protonephridium, protonephridial terminal cell anterior in head, nephrid- 
iopore posterior; head has well-developed interstitial spaces or hemocoel; 
nonmotile sperm lack flagella. 3, Euplatyhelminthes: concentration of 
gland cells is a frontal "organ." 4, Acoeiomorpha: protonephridia absent; 
ciliary rootlets of epidermal cells interconnected to form a fibrous skeletal 
network; each epidermal cilium has a step or shelf near its tip. 5, 
Nemertodermatida: statocyst bears a bilateral pair of statoliths, seven cells 
line the statocyst capsule; sperm has a single flagellum (a plesiomorphy). 
6, Acoela: statocyst has one lens-shaped statolith and two cells lining the 
capsule; gland cells absent from gut, gut partly or completely syncytial 
and lacking a lumen (food digested intrasyncytially); basal lamina 
basement membrane (extracellular matrix) nearly absent (correlated with 
presence of highly interconnected ciliary rootlets); spiral cleavage by 
duets. 7, Rhabditophora: duo-gland adhesive system, rhabdites; terminal 
cell of protonephridia has four cilia. 8, Macrostomorpha: paired 
ventrolateral nerve cords joined post-orally by a prominent commissure; 
sperm lack flagella. 9, Trepaxonemata: sperm have two flagella each, the 
two central singlets of each sperm axoneme (9+2 pattern) are replaced 
by an unpaired axial rod (9 + 1 arrangement); muscular protrusible 

pharynx. 10, Polycladida: large (centimeter range), dorsoventrally 
flattened body; extensively branched gut reaches all parts of body; testes 
and ovaries subdivided into many follicles and dispersed throughout 
the body (supplied by the gut ceca); well-developed parenchyma. 
11, Neoophora: heterocellular ovary (germovitellarium), ectolecithal 
"eggs." 12 and 13: These two taxa have a germovitellarium in which the 
oocytes and vitellocytes are intermixed (a so-called "mixed gonad," 
presumably a plesiomorphy). 12, Lecithoepitheliata: vitellocytes form an 
epithelial cortex over the oocyte. 13, Prolecithophora: sperm lack flagella. 
14, Seriata (includes the Proseriata and Tricladida): original plicate 
pharynx modified into a muscular tube that when retracted lies in the 
tong axis of the body with its opening directed posteriorly; testes and 
vitellaria subdivided into follicles and scattered in the body. 
15, Rhabdocoela: bulbous pharynx. 16, Doliopharyngiophora: specialized 
bulbous pharynx located anteriorly with terminal opening. 
17, Neodermata: during development, replacement of ciliated epidermis 
by nonciliated syncytial neodermis (tegument) derived from neoblasts. 
(Based on Ehlers, U. 1986. Comments on a phylogenetic system of the 

Plathelminthes. Hydrobiologia 132:1-12; Ax, P. 1996. Multicellular Animals: A 

New Approach to the Phylogenetic Order in Nature. Vol. 1. Springer, Berlin. 255 

pp.; Tyler, S. 1999. Systematics offlatiuorms: Libbie Hyman’s influence on current 

views of the Platyhelminthes. American Museum Novitates No. 3277. American 

Museum of Natural History, Neiv York. pp. 52-66.) 
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FIGURE 10-33 Neodermata: developmental origin of the neodermis (tegument). As the infective larval stage 
(miracidium) of the parasite penetrates the body wall of the snail, it sloughs off its embryonic epidermis and 
replaces it, from beiow, with a syncytial neodermis derived from parenchymal cells. (Modified and redrawn after 

Xylanderfrom Westheide, W., and Rieger, R. M. (Eds.): 1996. Spezielle Zoologie. Teil 1. Einzeller und Wirbellose Tiere. Gustav 

Fischer Verlag, Stuttgart. 909 pp.) 

enter or leave the body. Any substance crossing the body wall 

must pass intracellularly through the syncytium. Thus a syncy- 

tial epidermis may enable the organism to better regulate what 

enters and leaves its body restricting some substances and 

accelerating transport of others. Uptake of host nutrients 

through the neodermis is highly regulated, for example, in 

flukes and tapeworms. The neodermis may also enable the 

parasite to cope with the different osmotic challenges encoun- 

tered during its life cycle, which may include a freshwater 

aquatic phase and one or more hosts. 

Trematodac 

Trematoda includes two subtaxa of closely related parasitic 

flatworms, Digenea, a large, economically and medically 

important taxon, and Aspidogastrea, a small taxon of no med- 

ical or economic importance. 

DIGENEAsC 

General Biology and Life Cycle 
Digeneans, known as flukes, are common endoparasites of all 

major vertebrate taxa: fishes, amphibians, reptiles, birds, and 

mammals. Some flukes cause debilitating disease in livestock 

and humans. With some 11,000 species, more than all other 

flatworms combined, digeneans are second in diversity only to 

the roundworms (Nematoda) among metazoan parasites. The 

life cycle includes two or more hosts and at least two infective 

stages, which accounts for the name Digenea (= two genera- 

tions). The first intermediate host (Fig. 10-34, 10-35A) is typi- 

cally a gastropod mollusc (snail); if a second intermediate host 

occurs, it is usually an arthropod or fish; and a vertebrate is 

the final or definitive host (Fig. 10-34). 

Although life-cycle variations occur among species, a general- 

ized digenean life cycle (Fig. 10-34, 10-35) consists of the 

following stages: zygote —> miracidium larva —> sporocyst -A 

redia -> cercaria —> metacercaria -> adult (Table 10-1). The 

cycle begins when an adult fluke releases “eggs” (each an encap- 

sulated zygote plus vitellocytes) that leave the vertebrate host in 

its feces, urine, or sputum. If deposited on land, these “eggs” 

may be ingested by a terrestrial snail, but if released into water, 

they hatch, releasing a ciliated, swimming miracidium larva that 

penetrates the body wall of an aquatic snail. The miracidium 

sloughs off its epidermis, which is replaced by the neodermis, 

during or after host penetration. Once inside the snail, the 

miracidium metamorphoses into a saclike, gudess sporocyst that 

contains several embryos (germ balls; Fig. 10-35B). Each embryo 

develops into another sporocyst or into a redia, which has 

a mouth, pharynx, and gut as well as its own embryos (Fig. 

10-35C). Within the redia, each embryo develops into a cercaria 
(Fig. 10-35D,E). The cercaria has a digestive tract, suckers, and 

a tail. A cercaria leaves the snail host and swims in search of 

a second intermediate host or encysts as a metacercaria (Fig. 

10-35F) on aquatic vegetation or an inanimate object in the 
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FIGURE 10-34 Digenea: life cycle. The Chinese liver fluke Opisthorchis sinensis. Millions of Asians are believed 
to be infected with liver flukes transmitted from uncooked fish. One worm can live as long as eight years. A, 
Dorsal view of an adult worm. B, Life cycle. (A, After Brown from Noble, E. R. and Noble, G. A.: 1982: Parasitology. 

5th Edition. Lea and Febiger, Philadelphia. B, After Yoshimura from Noble, E. R. and Noble, G. A. 1982. Parasitology. 5th 

Edition. Lea and Febiger, Philadelphia.') 

water, awaiting ingestion by the definitive host. If the life cycle 

includes a second intermediate host, commonly an arthropod or 

fish, the cercaria penetrates its skin, casts off its tail, and encysts 

as a metacercaria in the host’s tissues. When the free metacer- 

caria or intermediate host plus metacercaria is eaten by the 

definitive vertebrate host, the metacercaria escapes from its cyst 

(excysts), migrates to a characteristic location in the host body, 

and grows into a sexual adult. In the definitive host, sites of in- 

fection include the hemal system, gut, and other endodermal or- 

gans: intestine, liver, bile ducts, pancreatic ducts, and lungs. 

Form and Function 
Adult digeneans range in size from approximately 0.2 mm to 

6.0 cm in length. They are typically dorsoventrally flattened, 

but some are thick and fleshy, others long and threadlike. An 

oral sucker surrounds the mouth, and many, but not all, have 

a midventral or posterior ventral sucker (acetabulum; Fig. 

10-34A, 10-37). The suckers are important organs that prevent 

dislodgment and aid in feeding (oral sucker). 

The digenean body is covered by a neodermis overlying 

consecutive layers of circular, longitudinal, and diagonal 

muscle (Fig. 10-36). The neodermis plays a vital role in the 

physiology of digeneans. It provides protection, especially 

against the host’s enzymes in gut-inhabiting species. Nitroge- 

nous wastes diffuse to the exterior through it (protonephridia 

are also used), and it is the site of gas exchange. The neoder- 

mis, as well as the gut, absorbs glucose and some amino acids. 

Protein synthesis for growth, yolk production, and clonal 

reproduction require a substantial supply of amino acids. 

The mouth is surrounded by a powerful, muscular oral 

sucker used for attachment and to aid transport of food into 

the mouth. The bulbous pharynx ingests cells and cell frag- 

ments, mucus, tissue fluids, or blood of the host on which the 

parasite feeds. The pharynx joins a short esophagus leading 

into two blind intestinal ceca that extend posteriorly along the 

length of the body (Fig. 10-34A, 10-37). Digestion is primarily 

extracellular in the ceca. Nutrition in the preadult life cycle 

stages is summarized in Table 10-1. 

Digeneans are facultative anaerobes and both blood and 

liver flukes derive most of their energy from glycolysis. Little is 

known about the energy metabolism of larval stages. Digeneans 

have protonephridia, especially well developed in the miracid- 

ium, cercarial, and adult stages. Typically, there is a pair of lon- 

gitudinal collecting ducts that empties into a single posterior 

bladder that releases its contents through a nephridiopore 

(Fig. 10-34A). The nephridia excrete water and waste metabo- 

lites, such as unwanted iron from hemoglobin in blood-feeding 

flukes. 
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FIGURE 10-35 Digenea: life-cycle stages. 
A, Miracidium; B, Sporocyst; C, Redia; D and 
E, Cercariae; F, Metacercaria. (From the U.S. 

Naval Medical School Laboratory Manual) 

The nervous system is essentially like that of turbellarians. 

The brain is a pair of anterior cerebral ganglia from which 

several longitudinal nerve cords extend posteriorly; the ven- 

tral pair is typically the best developed. The fluke body surface 

has a variety of sensory papillae. Ocelli occur in many 

miracidia and some cercariae. 

Reproduction 
Flukes have a highly organized neoophoran reproductive sys- 

tem with a heterocellular ovary (Fig. 10-37). Perhaps because 

of this and the more or less steady supply of host nutrients, 

“egg” production is estimated to be 10,000 to 100,000 times 

greater than that of any free-living flatworm. 

The male system (Fig. 10-34A, 10-37) typically consists of 

two testes and accessory reproductive organs. Sperm ducts, 

one from each testis, unite anteriorly and may expand into an 

external seminal vesicle before entering into the cirrus sac (or 

pouch). This sac contains the internal seminal vesicle, prostate 

glands, and an eversible copulatory cirrus, which protrudes 

into a common genital atrium shared with the female repro- 

ductive system. Sperm, on leaving the testes, are stored in the 

seminal vesicle. The single gonopore opens from the common 

genital atrium and is usually located midventrally anterior to 

the ventral sucker. Many variations on this general plan occur. 

The female reproductive system (Fig. 10-34A, 10-37) usually 

consists of a single ovary (germarium) and an oviduct that 

leads into a small sac, called the ootype (oogenotop), in which 

a capsule of tanned proteins is secreted around the fertilized 

egg and vitellocytes. Unicellular gland cells, collectively called 

Mehlis’s gland, open into the ootype and may secrete egg- 

capsule components, but most are thought to be produced by 

the vitellocytes. En route to the ootype, the oviduct receives a 

duct from the seminal receptacle and a common duct from 

the right and left vitellaria. Downstream from the ootype is 

the uterus, which runs anteriorly to the genital atrium and 

gonopore. In most digeneans, a short, inconspicuous canal 
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TABLE 10-1 Characteristics of the Digenean Life Cycle 

Stage Habitat Role Anatomy Nutrition Reproduction Progeny 

«T? M 

Egg 
(encapsulated 

zygote) 

Water or 

vegetation 

Dispersal; direct 

infection 

Encapsulated 

embryo + 

vitellocytes 

Yolk Cleavage Miracidium 

Miracidium 

(larva) 

Water Dispersal; 

infection (1st 

intermediate 

host) 

Gutless; ciliated 

epidermis; 

protonephridia; 

sensory and 

penetration 

structures; stem 

cells/embryos 

Yolk Metamorphosis: 

neodermis 

replaces 

epidermis 

Sporocyst 

Sporocyst Snail (1st 

intermediate 

host) 

Replication Gutless sac with stem 

cells/embryos 

Endocytosis 

by neodermis 

Clonal 

(parthenogenesis?) 

Sporocysts or 

rediae 

Redia Snail (1st 

intermediate 

host) 

Dispersal in 

host; 

replication 

Functional gut and 

musculature; stem 

cells/embryos 

Gut ingestion 

of host tissues; 

endocytosis by 

neodermis 

Clonal 

(parthenogenesis?) 

Rediae or 

cercariae 

Cercaria 

(larva) 

Water Dispersal; direct 

infection (2nd 

intermediate or 

definitive host); 

encystment 

Swimming tail; gut; 

nonciliated epidermis; 

sensory and 

penetration structures; 

protonephridia; 

germ cells 

Nonfeeding Metamorphosis: 

neodermis 

replaces epidermis; 

cyst wall secreted 

by neodermis 

Metacercaria 

Metacercaria 

(encysted 

juvenile of 

sexual adult) 

Water; aquatic 

vegetation, 

inanimate 

objects; 

arthropod (2nd 

intermediate 

host); vertebrate 

(definitive host) 

Dispersal; 

persistence; 

infection 

Like cercaria, but 

encysted and without 

tail or epidermis 

Nonfeeding or 

endocytosis by 

neodermis 

Excystment (in 

definitive host); 

growth 

Sexual adult 

Adult Vertebrate 

(definitive host) 

Replication Functional gut; 

neodermis; 

protonephridia; 

hermaphroditic 

gonad 

Ingestion of 

host tissues; 

endocytosis 

by neodermis 

Sexual 

reproduction 
“Eggs” 

(Laurer s canal), perhaps a vestigial vagina, extends from the 

duct of the seminal receptacle to the dorsal surface of the 

worm, where it may open at a minute pore (Fig. 10-37). 

Most flukes are cross-fertilizing hermaphrodites, but self- 

fertilization occurs in rare cases. During copulation, the cirrus 
ot one worm is inserted into the partner s gonopore and sperm 

are ejaculated into the uterus. The prostate gland provides 

nutrients foi sperm survival. Sperm travel up the uterus and 

through the ootype to be stored in the seminal receptacle. 

As eggs leave the ovary and enter the oviduct, the partner’s 

stored sperm are released from the seminal receptacle and fertil- 

ize the eggs in either the oviduct or ootype. Each zygote and its 

\itellocytes aie then combined in a capsule; the package typically 
is i (ft 11 ed to as an egg. Encapsulated zygotes (“eggs”) enter 

tlu utt ms, where development usually begins, and encapsulated 

t mbryos, also known as eggs, are released from the gonopore. 

Digenean development is not adequately described and its 

interpretations are controversial. The zygote divides into two 

distinguishable cells, a somatic cell and a stem cell. The 

somatic-cell line ultimately establishes the body (in all life cycle 

stages) whereas the stem cells eventually establish the germ 
line, the cells committed to sexual (adult) and asexual (sporo- 

cyst, redia) reproduction. Initially, each division of the stem 

cell results in a somatic cell, which contributes to the morpho- 

genesis of the body, and another stem cell. Sooner or later, 

however, subsequent divisions of the stem cell yield only more 

stem cells. As the embryo develops into a miracidium, the mass 

of stem cells occupies the posterior half of the body. Each of 

the miracidium’s stem cells, though unreduced and unfertil- 

ized, cleaves in the manner of a sexual zygote, forming an 

embryo of somatic and stem cells. As the miracidium under- 

goes metamorphosis, these asexually produced embryos, or 
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FIGURE 10-37 Digenea: generalized anatomy. (After Cable, 1949, 

from Smyth, J. D. 1976. Introduction to Animal Parasitology. 2nd Edition. 

Hodder & Stoughton, London. 486pp.) 

Cirrus pouch 

Prostate 
glands 

Seminal 
vesicle 

Germarium 

Seminal 
receptacle 

Mehlis’s 
gland 

Vas deferens 

Uterus 

germ balls, are incorporated into the body of the sporocyst. 

The embryos complete development in the sporocyst, differen- 

tiating into either more sporocysts or rediae. These progeny, in 

turn, house their own stem cells, each of which develops into a 

cercaria whose stem cells eventually differentiate into the adult 

gonads. The controversy revolves around the interpretation of 

the reproductive stem cells in the clonal sporocyst and redial 

stages. Parasitologists consider the origin of these stem cells 

as similar to twinning, the division of the zygote into two 

or more blastomeres, each developing into a complete organ- 

ism, and describe the phenomenon as polyembryony (= many 

embryos). Another interpretation is that these stem cells are 

eggs that develop by parthenogenesis (without fertilization) in 

the stem-cell masses (gonads) of the sporocyst and redial 

stages. If this interpretation is correct, then sporocyst and redia 

are parthenogenetic adults in the first intermediate host, alter- 

nating with the sexual adult in the definitive host. The mira- 

cidium would then be the larval stage of the sexual adult and 

the cercaria the larval stage of the parthenogenetic adult, 

and the life cycle would be: sexual adult (in definitive host) —» 

zygote —> miracidium larva (in water) (metamorphosis) ^ partheno- 

genetic adult (sporocyst-redia in intermediate host) —> cercaria 

larva (in water) (metamorphosis) ) enCySteci juvenile (metacercaria) 
(excystment) > sexua] adult (in definitive host). 

Life Cycle Examples 

The Chinese liver fluke, Opisthorchis (or Clonorchis) sinensis, 

infects the bile ducts of over 20 million humans and their 

domesticated animals, especially dogs, in eastern Asia (Fig. 

10-34). Adult flukes reach 2.5 cm in length and may live as 

long as eight years, with each fluke producing as many as 4000 

“eggs” per day for up to six months of the year. 

If feces containing liver-fluke “eggs” wash or drop into 

water, the “eggs” are consumed by certain species of aquatic 

snails, the first intermediate host (Fig. 10-34B). Once ingested 

by the snail, the miracidium penetrates the wall of the intes- 

tine and metamorphoses into a sporocyst in the host’s tissues. 

The sporocyst produces the redia generation, which gives rise 

to cercariae that escape into the water. Each cercaria swims to 

the surface using its muscular tail and then sinks slowly until it 

contacts an inert object or is disturbed by water turbulence. 

Either occurrence reactivates the cercaria, which repeats the 

swim-sink cycle to position it for a likely encounter with the 

second intermediate fish host. On contact with a fish, the 

cercaria attaches with its suckers, sheds its tail, and bores 

through the host’s skin. Within the fish’s subcutaneous tissue 
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or musculature, the cercaria encysts to form a metacercaria. 

When humans or other mammals eat the uncooked fish, 

young worms emerge from their cysts in the small intestine 

and migrate into the bile ducts. 

The parasite load of an infected a person is generally low, 

but even modest infections (20 to 200 flukes per liver) can 

cause jaundice, gallstones, general debilitation, and perhaps 

liver cancer. In one unfortunate person, over 21,000 flukes 

were found at autopsy. Although drugs are partially effective 

against the disease, prevention is the best approach, but it is 

often resisted by cultural habits or economic limitations. Trans- 

mission of the disease in rural areas results from building toilet 

facilities (privies) over fishponds. In urban areas, especially in 

Asia, uncooked fish, which are sometimes glistening with 

metacercarial cysts, are considered to be a delicacy, but in rural 

areas their consumption can be a necessity because fuel for 

cooking is either unavailable or prohibitively expensive. 

Three digenean families inhabit the blood of their hosts, 

but certainly the best-known blood flukes belong to Schistoso- 

matidae, which contains species producing the human disease 

schistosomiasis. Schistosoma mansoni, one of several species par- 

asitic in humans, occurs in Africa and tropical areas of the 

New World (Fig. 10-38). The adult, like that of other species of 

schistosomes, inhabits the intestinal veins. In contrast to most 

other flatworms, schistosomatids are gonochoric, with a male 

and female permanendy paired throughout life. The male is 6 

to 10 mm in length and 0.5 mm in width. A ventral groove 

along the body of the male embraces the long, slender female. 

When laying “eggs,” the female protrudes from the groove of 

the male worm and deposits the “eggs” in intestinal venules. 

Eventually, using spines and enzymes, the “eggs” work their 

way into the intestinal lumen and are released in the host’s 

feces. If defecation occurs in the water, the thin-walled “eggs” 

hatch and miracidia escape. The miracidia are well supplied 

with sensory receptors and seek a particular species of fresh- 

water snail. After penetration, they transform into sporocysts, 

which eventually give rise to a second generation of sporo- 

cysts. The sporocysts produce cercariae without an intermedi- 

ate redial stage. The cercariae leave the molluscan host and, 

on contact with human skin, penetrate using enzymes and 

muscular boring movements. The now tailless “schistoso- 

mules” are carried by the bloodstream first to the lungs, then 

to the liver, and finally to the veins of the intestine or bladder. 

During this migration, the schistosomules gradually transform 

into adults. 

Schistosomiasis is a seriously debilitating disease that can 

be lethal. “Egg” penetration through the intestinal wall and 

bladder, aberrant lodging of “eggs” in various organs, and the 

developmental stages in the lung and liver can result in 

inflammation, necrosis, or fibrosis, depending on the degree 

of infection. The pathogenic immunological response to the 

“eggs” is generally more serious than that to the schistoso- 

mules or adults. The percentage of the population infected in 

endemic areas is enormous, and globally some 300 million 

people are estimated to be infected by one of the three Schisto- 

soma species. Schistosomiasis, malaria, and hookworm infec- 

tions are the three great parasitic scourges of humankind. 

Other members of Schistosomatidae infect various birds 

and mammals, including domestic species. “Swimmer’s itch,” 

which occurs commonly in North America, is an irritation pro- 

duced by the incomplete penetration into human skin by 

cercariae of blood flukes of birds. 

Adult male 
and female 
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Cercaria 

Eggs pass into intestine 

Snail 

Embryonated egg 

Miracidium 

FIGURE 10-38 Digenea: life 
cycle of Schistosoma mansoni. The 
eggs in this figure are egg capsules 
("eggs") and an embryonated egg 
is an encapsulated embryo. 
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ASPIDOGASTREAsC 

Aspidogastrea (or Aspidobothrea) is a small trematode taxon 

with similarities to other parasitic flatworms, but more closely 

related to Digenea. The distinguishing trait is a huge adhesive 
organ, which is either a single, septate sucker covering the 

entire ventral surface or a longitudinal row of suckers (Fig. 

10-39). The digestive tract contains a single intestinal cecum. 

The reproductive system is essentially like that of Digenea, but 

there is typically only one testis. 

Aspidogastreans are chiefly endoparasites in the gut of fish 

and turtles and in the pericardial and renal cavities of bivalve 

molluscs. Different species have life cycles with a ciliated swim- 

ming larva and one or two hosts. 

Cercomeromorpha 
The sister taxon of Trematoda, these important parasitic flat- 

worms have crescent-shaped hooks on a posterior appendage, 

the cercomer, of their ciliated oncosphere or oncomiracidium 

larvae. 

MO|\JOGENEAc 

General Biology 

The approximately 1100 species of monogeneans are chiefly 

host-specific ectoparasites, or occasionally endoparasites, of 

aquatic vertebrates, especially fishes, but amphibians and 

reptiles are also hosts. Because most attach to the skin of a 

fast-moving host, monogeneans are dorsoventrally flattened 

and have a large, posterior attachment organ, the haptor, that 

bears hooks and suckers, allowing the parasite to cling tena- 

ciously to the host (Fig/ 10-40). Most are 1 to 5 mm in length, 

but some reach 20 mm. The monogenean life cycle differs 

from that of Digenea in that there is no intermediate host, 

one “egg” gives rise to only one adult worm, and clonal repro- 

FIGURE 10-39 Aspidogastrea: dorsal view of Cotylaspis insignis, a 

fluke parasite of freshwater mussels. Note the large ventral adhesive 

organ (sucker) with subdivisions. (After Hendrix and Short.) 

duction is absent, hence the name Monogenea (= one gener- 

ation; Fig. 10-43). The “egg” develops first into a ciliated, 

hooked oncomiracidium (= hooked miracidium) that has two 

pairs of pigment-cup ocelli (Fig. 10-41). 

The adult body is composed of a head, trunk, and haptor 

(Fig. 10-40, 10-42). The head may have a muscular oral sucker 

around the mouth (Fig. 10-40) or a sucker can be absent and 

adhesive glands (also called head organs; Fig. 10-41, 10-42) 
are used for attachment. Alternate attaching and detaching of 

adhesive glands and haptor enables some monogeneans to 

creep like inchworms; others may be permanently attached to 

the host. The neodermis is covered with microvilli, which 

increase the area for uptake of nutrients across the body wall 

to supplement uptake through the gut. 

The digestive system is similar to that of digeneans, but the 

pharynx of some monogeneans secretes a protease that digests 

the host’s skin, allowing the parasite to ingest blood and cellu- 

lar debris. Many monogeneans, however, graze exclusively on 

mucus and superficial cells of the host skin. Some gut- 

absorbed nutrients are transported, via fixed parenchymal 

cells and gap junctions, to the vitellaria for yolk synthesis. 
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FIGURE 10-40 Monogenea: Polystomoidella oblongum, a parasite 

of the urinary bladder of turtles. (After Cable, 1949, from Smyth, f. D. 

1976. Introduction to Animal Parasitology. 2nd Edition. Hodder & Stoughton, 

London. 486 pp.) 
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FIGURE 10-41 Monogenea: A, Egg capsule and B, oncomiracidium 
of Benedenia melleni, an ectoparasite of fish. (AfterJahn and Kuhn.) 

FIGURE 10-42 Monogenea: Dactylogyrus vastator, an ectoparasite 
on the gills of freshwater fishes. (After Bychowsky from Schmidt, G. D., and 

Roberts, L. S. 1989. Foundations of Parasitology, 4 th Edition. Times 

Mirror/Mosby College, St. Louis.) 

Monogeneans have inconspicuous protonephridia that 

consist of scattered terminal cells and their collecting tubules. 

The latter open to the exterior at two dorsolateral pores. In 

some species, a urinary bladder is associated with each pore. 

In contrast to the endoparasitic digeneans, monogenean 

ectoparasites have aerobic metabolism. They have no medical 

significance. 

Reproduction 

The reproductive system of monogeneans resembles that of 

other neoophorans (Fig. 10-40). The male reproductive system 

usually has only one circular or oval testis, but a few species 

have two or more. The sperm duct usually leads into the base of 

the copulatory organ, which is a protrusible penislike structure 

that may be armed with hooks. During copulation a mutual 

exchange of sperm occurs, with seminal fluid being passed into 

the single or paired vagina of each partner. Sperm generally are 

stored in a seminal receptacle situated near the ovary and 

oviduct. There is a single heterocellular ovary with its paired but 

extensive vitellaria in close proximity to the gut ceca. 

Examples of both cross- and self-fertilization are known 

among the hermaphroditic monogeneans. One species, how- 

ever, has evolved the ultimate guarantee of cross-fertilization 

and spousal fidelity. During the development of Diplozoon para- 

doxum, a parasite of European freshwater fishes, larvae fuse in 

pairs. As their reproductive structures differentiate during 

metamorphosis, the sperm duct of each worm fuses with the 

vagina of the other, joining them permanently in copula. 

Life Cycle Examples 

The various species of Dactylogyrus are common ectoparasites 

on the gills of various freshwater fishes (Fig. 10-42). Dactylogyrus 

can be a serious problem in fish hatcheries, causing high mor- 

tality in young fish from secondary infection, smothering by 

excess mucus production, or loss of blood. The “eggs” are 

released and drop to the bottom. Eventually, they hatch to lib- 

erate the oncomiracidia. On contacting a suitable host fish, 

each larva transforms into the adult worm. “Egg” production 

increases with rising water temperature so that the population 

of monogeneans builds up over the summer. Some “eggs” can 

overwinter to begin new cycles of infestation in the spring, and 

the adult Dactylogyrus can persist on a host over the winter. 

Polystoma integenrimum (Fig. 10-43) is found in the bladders 

of Old World frogs and toads and is an example of a 

remarkable synchronization of the parasite’s life cycle with 

that of the amphibian host. (A similar species, P. nearcticum, 

occurs in tree frogs in the United States.) The “eggs” are pro- 

duced and stored until the frog or toad returns to the water to 

breed, at which time they are released. The oncomiracidium 

attaches to the gills of the tadpoles. When the tadpoles meta- 

morphose, the parasite leaves the gill chamber, crawls over the 

host’s belly, and enters the bladder. When the tadpole is very 

young, some of the larvae may attain a precocious sexual 

maturity and produce “eggs.” This ectoparasitic generation 

dies when metamorphosis occurs. 

CESTODAc 

Cestoda is the most evolutionarily derived of the flatworm 

taxa, and all 3400 species are endoparasites of the gut of verte- 

brates. A gut is absent and the neodermis is highly specialized 
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FIGURE 10-43 Monogenea: life 

cycle of Polystoma integerrimum, a 

parasite in the bladder of frogs. 

Diagram also shows a pedomorphic 

population parasitic on the gills of the 

tadpole. (From Smyth, J. D. 1976. 

Introduction to Animal Parasitology. 2nd 

Edition. Hodden and Stoughton 

Educational, Kent. p. 139.) 

for nutrient uptake from the host. Most species of Cestoda 

occur in EucestodasC, which is described here. 

Form and Function 
Cestodes are the tapeworms. The ribbonlike adult body is 

divided into a scolex (Fig. 10-44, 10-47), which is adapted for 

attachment to the host, a narrow neck (growth zone with stem 

cells), and the segmented trunk, or strobila, which constitutes 

most of the worm’s body (Fig. 10-44B). Each of the trunk seg- 

ments is called a proglottid (Fig. 10-47). Tapeworms are gener- 

ally long, with some species reaching lengths of 25 m. The 

scolex, neck, and strobila are regarded as a single individual, 

not a colony. 

Compared with the mature proglottids, the scolex is often 

minute. It generally is a four-sided knob having suckers or 

hooks for attachment to the host gut wall. Although there typi- 

cally are four large suckers arranged around the sides of the 

scolex, as in commonly encountered tapeworms such as Tae- 

nia (Fig. 10-44A), the scolex is a more complex structure in 

other representatives. The main attachment organs may be 

leaflike or ruffled, and there may be terminal accessory suck- 

ers in place of or in addition to hooks (Fig. 10-44B,C). 

The neck is a short region behind the scolex that produces 

each proglottid by mitotic growth followed by a transverse 

constriction (Fig. 10-44B). The youngest proglottids are thus 

at the anterior end immediately behind the scolex; they 

increase in size and maturity as they are displaced toward the 

posterior end of the strobila. 

The tapeworm neodermis plays a vital role in the active 

uptake of host carbohydrates and amino acids. It is also import- 

ant in evading the host’s immune response. The outer plasma 
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Accessory sucker 

C 

FIGURE 10-44 Cestoda: the scolex of three different tapeworms. A, Taenia, with four principal suckers. 
B, Myzophyllobothrium, with suckerlike adhesive flaps and small accessory suckers. C, Acanthobothrium, with 
accessory suckers and hooks. (A and C, After Southwell; B, After Shipley and Hornell) 

membrane of the neodermis is thrown into specialized microvilli 

with dense, spiny tips, the microtriches (sing, microthrix; Fig. 

10-45). Anaerobic metabolism apparently predominates in tape- 

worms, but is not their exclusive mode of metabolism. 

Tapeworm musculature consists of the typical body-wall cir- 

cular and longitudinal layers, but additional inner layers of 

longitudinal, transverse, and dorsoventral fibers enclose the 

interior parenchyma. 

The nervous system, protonephridial system, and longitudi- 

nal musculature extend uninterrupted through the chain of 

proglottids. An anterior nerve mass lies in the scolex, and two 

lateral, longitudinal cords extend posteriorly through the stro- 

bila (Fig. 10-47). There also can be a dorsal and ventral pair of 

cords and accessory lateral cords. Ring commissures connect 

the longitudinal cords in each proglottid. 

Protonephridial terminal cells and tubules in the paren- 

chyma drain into four longitudinal collecting canals, two of 

which are dorsolateral and two ventrolateral (Fig. 10-47). The 

ventral canals are usually connected by a transverse canal in 

the posterior end of each proglottid. After the proglottids 

begin to be shed, the collecting ducts open to the exterior 

through the terminal proglottid. 

Reproduction 
The continuous, serial formation of proglottids from the 

growth zone in the neck is called strobilation. It enables one 

worm to produce an enormous number of 'eggs1' over a long 

period of time. 

A complete neoophoran reproductive system occurs in each 

proglottid. The tapeworm reproductive anatomy (Fig. 10-47) is 

similar to that of Monogenea. The uterus, usually a blind sac 

extending from the ootype into the parenchyma of the 

proglottid, functions solely in storing developing encapsulated 

zygotes called “eggs.” 

Cross-fertilization is probably the rule where there is more 
than one worm in the host’s gut, but self-fertilization can 

occur between two proglottids of one worm or even in one 

proglottid. At copulation the cirrus is everted into the gono- 

pore of the proglottid of an adjacent worm. Sperm are stored 

in the partner’s seminal receptacle, then released to fertilize 

eggs in the oviduct. The zygotes then enter the ootype, where 

they are encapsulated together with vitellocytes. These “eggs” 

enter the uterus, in which development begins and the “egg” 

capsule is hardened. In many cases, mature terminal proglot- 

tids packed with “eggs” break away from the strobila. The 

“eggs” are freed from the proglottid either in the host’s feces 

or in the next host’s intestine after it swallows a proglottid. 

Life Cycle Examples 

Tapeworms are gut endoparasites of all major vertebrate taxa. 

Their life cycles rarely include one host and usually two or 

more, typically arthropods and vertebrates. The definitive host 

is always a vertebrate. The basic life cycle includes zygote —> 

oncosphere larva (ingested by intermediate or definitive host) 
(metamorphosis) ^ extraintestinal juvenile (metacestode) -^intesti- 

nal adult (in definitive host). Two life cycles are included 

here: In one, transmission is through an aquatic food chain; in 

the other, transmission is terrestrial. 

Diphyllobothrium spp. are widely distributed in northern 

latitudes and are parasitic in the gut of many fish-eating carni- 

vores, including humans (Diphyllobothrium latum). If the “eggs” 

in feces are deposited in water, each “egg” develops into a cili- 

ated, free-swimming oncosphere (coracidium) bearing three 

pairs of small hooks, as is typical of all eucestodes (Fig. 

10-46A). The oncosphere is ingested by a copepod crus- 

tacean. It penetrates the copepod’s intestinal wall, sheds its 

ciliated epidermis (which is replaced by neodermis), enters 

the hemocoel, and develops into a procercoid, which retains 

the oncosphere’s hooks but shifts them posteriorly to the 

newly formed cercomer (Fig. 10-46B). When the copepod is 

eaten by a freshwater fish, the procercoid penetrates the fish’s 

gut and migrates to the striated muscles, where it transforms 

into a juvenile called a metacestode, known in this example 

as the plerocercoid. After the fish is eaten by a suitable 
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Caryophyllaeus. Other than the complex 

microtriches on the surface membrane, note 

the similarity to the digenean body wall shown 

in Figure 10-36. (After Beguin from Smyth, J. D. 

1969. The Physiology of Cestodes. W. H. Freeman 

and Co., San Francisco.) 

warm-blooded definitive host, the plerocercoid, which looks 

like a small, unsegmented tapeworm complete with a minia- 

ture scolex, develops into an adult tapeworm in the host’s gut. 

Species of Taeniidae are among the best-known tapeworms 

because they infect humans and domesticated animals. Taenia 

saginata, the cosmopolitan beef tapeworm, is one of the most 

commonly occurring species in humans, where it lives in the 

intestine and may reach a length of over 20 m; typical lengths 

are 3 to 5 m (Fig. 10-47). A large specimen has thousands of 

proglottids, each containing “eggs” that are eliminated 

through the anus, usually with feces. If an infected person 

defecates on a pasture, the “eggs” may be eaten by grazing cat- 

tle. On hatching in the gut of the intermediate host, the 

oncosphere bores into the intestinal wall, where it is picked up 

by the circulatory system and transported to striated muscle, 

ffere the oncosphere develops into the metacestode, in this 

case called a cysticercus. The cysticercus is an oval worm of 

about 10 mm in length that has its scolex retracted and 

inverted, like a nemertean proboscis, into the body. If raw or 

insufficiently cooked beef is ingested by humans, the cysticer- 

cus is freed, the scolex evaginates and attaches to the intesti- 

nal lining, and an adult worm develops. 

FIGURE 10-46 Cestoda: two stages in the life cycle of the fish 

tapeworm Diphyllobothrium latum. A, A ciliated oncosphere. 

B, A mature procercoid. (A, After Vergeer; B, After Brumpt) 
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FIGURE 10-47 Cestoda: anatomy and life cycle of the beef tapeworm Taenia saginata. 

Taenia solium, the pork tapeworm, is also a parasite of 

humans, but the intermediate host is a pig and the cysticercus 

is obtained from inadequately cooked pork. Taenia pisiformis 

occurs in cats and dogs, with rabbits as the intermediate 

hosts. 

A severe infection of adult tapeworms may cause diarrhea, 

weight loss, and adverse reactions to the worm’s toxic wastes. 

The worms can be easily eliminated with drugs. Much more 

serious are the “accidental” cysticercus infections of humans 

in the role of intermediate host. In the case of the pork tape- 

worm, Taenia solium, and the dog tapeworm, Echinococcus 

granulosus, serious disease may result in humans. The adult 

Echinococcus is minute, with only a few proglottids present at 

any one time. Many different mammals, especially grazing 

herbivores but occasionally humans, serve as intermediate 

hosts. In humans, the Echinococcus cysticercus, which buds 

internally to produce multiple scolices, develops mostly in 

host lung or liver, but can occur elsewhere. Pork tapeworm 

cysticerci develop in subcutaneous connective tissue as well as 

in the eye, brain, heart, and other organs. The cystercerci 

(but not the adults) of both species are life threatening when 

they grow in such places as the brain and can do much 
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damage elsewhere. Such cysticerci, called hydatids in 

Echinococcus, swell with fluid, sometimes over 10 liters, reach 

enormous sizes, contain millions of scolices, cause serious 

pathology, and if they burst, instantaneous death. Hydatid 

cysts can be removed only by surgery. 

Origin and Phyiogeny of Neodermata 
Several trends, culminating in the higher rhabdocoels, may 

have predisposed the turbellarians to a parasitic lifestyle. 

These attributes include a small (or flat) body size, an interstitial 

habitat; a permeable body wall; a heterocellular ovary with 

protected encapsulated eggs plus vitellocytes; a specialized 

sucking, bulbous pharynx; anrl clonal reproduction. Further- 

more, turbellarian epidermal replacement cells, originating 

from parenchyma, foreshadow the neodermatan neodermis. 

From the worms’ perspective, the steps to endoparasitism led 

to the benefits of a sheltered, if not necessarily benign, envi- 

ronment and a constant and abundant supply of food. The 

principal hurdles to be cleared before reaping these benefits 

were^ osmotic variation, low oxygen availability, host immune- 

system challenges, and the task of finding hosts and complet- 

ing the life cycle. The improbability of colonizing new hosts is 

met, largely at the host’s expense, by the production of myriad 

infective offspring. The osmotic swing between external and 

host environments is probably overcome by the well-developed 

protonephridia. A flexible metabolism with a capacity for both 

aerobic and anaerobic pathways allowed the rapid transition 

between oxic and anoxic environments. Less is known about 

how the worms cope with host antibodies, but one mechanism is 

the rapid replacement by the parasite of surface membrane 

damaged by the host. 

PHYLOGENETIC HIERARCHY OF NEODERMATA 

Neodermata 

Trematoda 

Aspidogastrea 

Digenea 

Cercomeromorpha 

Monogenea 

Cestoda 

The parasitic platyhelminths (Neodermata) probably evolved 

from a dalyellioid-like rhabdocoel ancestor (Fig. 10-32). Within 

Neodermata, aspidogastreans and digeneans (together Trema- 

toda) have long been perceived as allied to the dalyellioids on 

the basis of similarities in larvae, female reproductive system, 

and preference for a molluscan host (the intermediate host in 

digeneans). The sister taxon of the Trematoda, Cercomeromor- 

pha, includes the monogeneans and cestodes. This alliance is 

based on the similarity of attachment hooks on the larval haptor 

(cercomer) of the two groups. A phyiogeny of the Neodermata 

is shown in Figure 10-48. 

“MESOZOA”  
Mesozoans are small, parasitic marine worms of simple 

anatomy that inhabit the nephridia of octopuses and cuttle- 

fishes (Dicyemida) as well as the tissues and body cavities of 

other invertebrates (Orthonectida). The cylindrical body is 

more or less radially symmetric, except during some bilateral 

Aspidogastrea Digenea Monogenea Cestoda 

FIGURE 10-48 Phyiogeny of Neodermata. 1, Neodermata: neodermis. 
2, Trematoda: larval epidermis is a combination of ciliated cells and 
syncytial neodermis (tegument); Laurer's canal associated with female 
reproductive system (possibly a plesiomorphy); molluscs are primary 
hosts. 3, Aspidogastrea: larva (cotylocidium) has scattered tufts of 
epidermal cilia and posterior ventral sucker; large, complex ventral adult 
sucker. 4, Digenea: larva (miracidium) with transverse bands of ciliated 
cells alternating with neodermis; life cycle includes intermediate 
(mollusc) and definitive (vertebrate) hosts; hermaphroditic adults 
reproduce sexually in a vertebrate to produce miracidia; miracidium 
infects mollusc and reproduces clonally (as sporocyst) to produce rediae; 
redia in mollusc reproduces clonally to produce cercariae that infect 
vertebrate host. 5, Cercomeromorpha: anchoring hooks on modified 

posterior end (cercomer) of larva. 6, Monogenea: larva (onchomiracid- 
ium) has three widely separated groups of epidermal ciliated bands 
separated by a nonciliated epidermal syncytium (not a neodermis); 
onchomiracidium has a pair of pigment-cup ocelii. 7, Cestoda: gut absent 
and food molecules absorbed through neodermis; ciliated larval 
epidermis syncytial (not a neodermis). (Based onEhlers, U. 1986. Comments 

on the phylogenetic system of the Plathelminthes. Hydrobiologia 132:1-12; Brooks, 

D. R. 1989. The phyiogeny of the Cercomeria (Platyhelminthes: Rhabdocoela) and 

general evolutionary principles. J. Parasitol. 73:606-616; Ax, P. 1996. 

Multicellular Animals: a new approach to the phylogenetic order in nature. Vol. 1. 

Springer, Berlin. 225 pp; Tyler, S. 1999. Syslematics of flatworms: Tibbie Hyman’s 

influence on current views of the Platyhelminthes. American Museum Novitates 

No. 3277. American Museum of Natural History, New York. pp. 52-66.) 
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developmental stages. The compact body lacks gut, coelom, 

hemal system, nephridia, and neurons, and most species also 

lack muscle. The body wall consists solely of a monolayered, 

multiciliated epidermis around a core of one to several cells, 

including stem cells. The epidermis functions in locomotion 

and host nutrient uptake whereas the interior cells are repro- 

ductive. Mesozoan life cycles are complex, diverse, and, in 

most cases, not fully documented. 

Because of their shared simplicity and parasitic habit, 

Orthonectida and Dicyemida were previously assigned to the 

now defunct “Mesozoa” (= middle animals), a taxon once 

regarded as a link between protozoa and Metazoa. Most zoolo- 

gists consider their simple anatomy to be the result of conver- 

gent adaptations to small body size and endoparasitism, and 

the two taxa are now treated independently. 

ORTHONECTIDAp 

The 20-some species of orthonectids are endoparasites of 

turbellarians, nemerteans, polychaetes, gastropod and bivalve 

molluscs, brittle stars, and tunicates. The tiny adults, less than 

1 mm in length (Fig. 10-49A,B), bear a series of epidermal cil- 

iary rings that encircle the body. These rings alternate with 

rings of nonciliated cells in a species-specific fashion. The cil- 

iary rootlets of adjacent cilia are inteijoined in an intracellular 

network. A thin cuticle covers the body. Below the cuticle and 

epidermis are an extracellular matrix and myocytes containing 

very thick, longitudinally oriented filaments (Fig. 10-49D) 

composed of the protein paramyosin. Internal to the muscle 

sheath is a mass of gametes, either sperm or eggs. 

Orthonectids are gonochoric, except for the hermaphro- 

ditic Stoecharthrum, and fertilization is internal after copula- 

tion. Females are larger than males and the interior of the 

body is occupied by a mass of individual eggs not enclosed in 

an ovarian epithelium (Fig. 10- 49A). In Rhopalura ophiocomae, 

a female gonopore is situated j ust posterior to the midbody. 

The male body is tripartite (Fig. 10-49B). The epidermis of 

the anterior region bears refractile granules of unknown 

composition, and the middle section houses an unpaired 

testis enclosed in a sheath of muscle cells. The third region 

bears the gonopore and encloses a notochord-like skeletal 

axis of four turgid muscle cells containing paramyosin (very 

thick) filaments (Fig. 10-49D). Nine longitudinal muscle cells 

surround the turgid cells and extend anteriorly into the first 
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FIGURE 10-49 Orthonectida: anatomy and life cycle (Rhopalura). A, Mature female; B, male; C, ciliated larva 

of the clam parasite R. granosa. D, Simplified cross section of tail region of male of the brittle star parasite R. 

ophiocomae. E, Male plasmodium of another species of Rhopalura. (A-C, After Atkins, 1933; D, Drawn from 

micrographs in Kozloff E. N. 1969. Morphology of the orthonectid Rhopalura ophiocomae. J. Parasitol. 55:171-193; E, 

After Caullery and Mesnil, 1901) 
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body region. Musculature and skeleton together enable the 

body to bend stiffly. 

Rhopalura ophiocomae parasitizes the gestation sacs (genital 

bursae) of the viviparous brittle star, Amphipholis squamata 

(Axiognathus squammata). The parasite renders the host’s 

gonads nonfunctional and presumably absorbs nutrients 

intended for the brittle star’s offspring. Full-grown parasites 

exit the host s genital bursae, copulate in the sea, and fertilize 

the eggs internally. Inside the viviparous female, zygotes 

develop into simple, ciliated larvae consisting of few cells (Fig. 

10-49C). Presumably, the larvae are released from the female 

and somehow reenter a new host. Once inside the new host, 

the larvae attach to the bursal lining and develop into adults. 

The host tissue around the attached larvae becomes distinc- 

tively disorganized and is called a plasmodium (Fig. 10-49E). 

Other species of Rhopalura occur in clams and snails. Other 

orthonectid taxa are Intoshia, Ciliocincta, and Stoecharthrum. 

DICYEMIDAP 

The 75 species of dicyemids are delicate, slender worms that 

parasitize the kidneys of octopuses and cuttlefishes, but usu- 

ally not squids. They occur, typically in high densities, in the 

renal sac and pericardial cavity, both of which are urine-con- 

taining compartments. One end of the parasite attaches to the 

nephridium’s absorptive lining while the body endocytoses 

low-molecular-weight nutrients from the primary urine (Fig. 

10-50A,D). It thus competes with the reabsorptive epithelium 

of the nephridium (and host). 

The long, threadlike adult, called a nematogen (or vermi- 

form), ranges in length from one to several millimeters (Fig. 

10-50A,D). The multiciliated epidermis usually consists of 40 

to 50 cells. At the anterior end, two rows of cells, called the 

calotte, bear short cilia that interdigitate with and adhere to 

the microvillar absorptive lining of the host’s nephridium 

FIGURE 10-50 Dicyemida: anatomy and life cycle. A, Nematogen attached to host nephridial lining. B, Cross 
section of A. Epidermis and surface of axial cell both specialized for endocytosis of host nutrients. C, Clonal 
reproduction (possibly parthenogenesis) in axial cell of the nematogen shown in A. Daughter nematogen 
(juvenile) leaves body of parent and attaches to the nephridial wall of the host. D, Nematogen attached to host 
nephridial lining. E, Sexual reproduction in axial ceil of the nematogen (now a rhombogen) shown in D. The 
infusorigen is a dwarf hermaphroditic individual. Its surface cells undergo meiosis to become (possibly haploid) 
eggs while the axoblasts in its axial cell become tailless sperm. The hermaphrodite self-fertilizes and the zygote 
undergoes spiral cleavage to become an infusoriform larva. The infusoriform larva leaves the nematogen and 
host via the latter's urine to somehow infect a new host. Once in the new host, the larva, or each of its interior 
cells, becomes a nematogen. 
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(Fig. 10-50A). Between the cilia, the epidermal surface is 

ruffled, increasing its area for uptake of host nutrients (Fig. 

10-50B). The core of the body is occupied solely by a long 

axial cell with a single large nucleus (Fig. 10-50A,B); muscle 

cells are absent. Stem cells, each called an axoblast, occur 

inside the axial cell. Each axoblast or its cell-division product 

(a cluster of axoblasts) is enclosed in a vesicle and thus sepa- 

rated from the axial-cell cytoplasm (Fig. 10-50). The axial ceil 

houses and transfers nutrients to the axoblasts. 

Nematogens reproduce clonally and sexually. Once the 

parasite is established in the host’s nephridium, clonal repro- 

duction quickly increases the number of nematogens. When 

parasite densities reach a certain threshold, the nematogens 

reproduce sexually and release infective larvae. How infection 

spreads is unknown, but infective larvae discharged in the 

host’s urine may infect the host’s own offspring, which are 

ventilated by a jet of water (containing urine) from the par- 

ent’s funnel. Other means of infecting new hosts are possible. 

During clonal reproduction (Fig. 10-50A,C), an axoblast cell 

in the axial cell of the parent nematogen develops partheno- 

genetically into a daughter nematogen. Several daughter 

nematogens can be produced simultaneously in each parent. 

Once cilia develop on the daughter nematogen, it squeezes 

between the parental cells and emerges in the host’s urine, 

where it attaches to the nephridial lining. 

The onset of sexual reproduction triggers an axoblast (or 

several axoblasts) of the parent nematogen to divide and differ- 

entiate into a self-fertilizing, hermaphroditic individual called 

an infusorigen that remains permanently in the parent nemato- 

gen’s axial cell (Fig. 10-50D,E). The infusorigen body differenti- 

ates into an outer sheath of eggs around an inner cluster of 

aflagellate sperm, the latter inside the infusorigen’s axial cell. 

Meiosis probably occurs during spermatogenesis and oogenesis. 

Sometimes the infusorigen is interpreted as a hermaphroditic 

gonad. Following fertilization, cleavage is holoblastic, unequal, 

and spiral, the pattern reminiscent of spiral cleavage by duets as 

seen in acoel turbellarians. Subsequent development leads to a 

ciliated, bilaterally symmetric infusoriform larva (Fig. 10-50E). 

The larvae rupture from the parent nematogen, leave the host 

during urination, and infect new hosts. 

PHYLOGENY OF ORTHONECTIDA 
AND DICYEMIDA 
Although Orthonectida and Dicyemida share many charac- 

ters— multiciliated absorptive epidermis and the absence of 

gut, coelom, hemal system, and nephridia—all of these traits, 

except the absence of nephridia, are common in small-bodied 

bilaterians and endoparasites. In the absence of a synapomor- 

phy, it is appropriate to regard them as unrelated taxa. 

Both taxa, however, are likely to be bilaterians. Orthonectid 

myocytes contain paramyosin, a protein that occurs sporadically 

in the muscles of many bilaterian taxa but is unknown else- 

where. Also similar to many bilaterians, orthonectids copulate 

and have permanent gonopores. Dicyemids also qualify as bilate- 

rians. Their infusoriform larvae are bilaterally symmetric. The 

spiral cleavage pattern indicates not only a bilaterian alliance, 

but specifically a membership in Spiralia, which includes Platy- 

helminthes, Mollusca, and relatives. If they truly have duet spiral 

cleavage, Acoela may be the sister taxon of Dicyemida. Clonal 

reproduction in which parthenogenetic embryos develop vivipa- 

rously in the body of the parent is another similarity between 

Dicyemida and Platyhelminthes (Digenea). Most molecular sys- 

tematic studies place Dicyemida (Orthonectida has not been 

evaluated) in Bilateria, but do not identify a sister taxon. 
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he 1150 species of ribbon worms are colorful ambush 

predators that harpoon or lasso their prey with a venomous, 

penetrating, or sticky proboscis. The proboscis, which is 

everted rapidly like a giant nematocyst tubule, is of prodigious 

length, often longer than the entire animal. Nemerteans are 

long, slender worms, with several species exceeding 1 m. The 

length record of 180 feet (54 m) is held by a boot-lace worm, 

Lineus longissimus, the longest animal on Earth, that washed 

ashore after a storm in St. Andrews, Scotland. Nemerteans 

commonly burrow in marine sediments, lurk (or lie in tan- 

gles) in crevices among shells, stones, and the rootlike hold- 

fasts of algae and sessile animals, but some are deepwater 

pelagic species with gelatinous bodies. Others form semiper- 

manent burrows lined with mucus or even produce unique 

cellophane-like tubes. A few species live as ectosymbionts on 

crabs, in the mantle cavity of bivalve molluscs, or in the atrium 

of tunicates. Approximately 12 species occur in fresh water 

and some 15 terrestrial species are confined primarily to the 

humid tropics and subtropics. The relatively few animals that 

eat jiemerteans include bottom-feeding fishes, some shore- 

birds, and other invertebrates such as horseshoe crabs, as 

well as fellow nemerteans. Two large ribbon worms, the North 

American Cerebratulus lacteus and the South African Polybra- 

chiorhynchus dayi, known locally as “tapeworms,” are collected 

and sold as fish bait. They, of course, are unrelated to true 

tapeworms and are not parasites. 

GENERAL BIOLOGY  

FORM 
Nemerteans resemble flatworms and annelids, but tend to be 

more robust and elongate than most flatworms and lack the 

segmentation of annelids (Fig. 11-1). The epidermis of a few 

species is annulated and internal organs, such as gonads and 

nephridia, are serially arranged, but this segmentation does 

not extend to muscles, nerves, or other internal structures (Fig. 

11-1A,B,E). The anterior end is commonly pointed, rounded, 

or spatula-shaped. Most species are less than 20 cm in length 

and some are only a few millimeters long, but Cerebratulus and 

Lineus may exceed a meter in length. As you would predict from 

a consideration of body size, surface area, and volume, the 

smallest nemerteans are circular or only slightly flattened in 

FIGURE 11-1 Nemertea: diversity A, Tubulanus rhabdotus, a tube-dwelling palaeonemertean with 
dark crossbands. B, An unidentified annulated, sand-dwelling palaeonemertean. C, Carinoma tremaphoros, 

a burrowing palaeonemertean. D, Cerebratulus lacteus, a large, burrowing heteronemertean. E, Lineus socialis, 

a crevice-dwelling heteronemertean. F, Paranemertes peregrina, a burrowing hoplonemertean. Note ocelli on 

heads of E-G. G, Carcinonemertes carcinophila, a hoplonemertean parasitic on crabs (shown feeding on 

egg). H, Malacobdella grossa, a bdellonemertean commensal of clams. I, Nectonemertes mirabilis, a pelagic 

hoplonemertean. (F, Redraion from Coe, W. R. 1901. 1 he nemerteans. Wash. Acad. Sci. Proc. 3:1-110; H, Redrawn 

from Coe, W. R. 1951. The nemertean faunas of the Gulf of Mexico and southern Florida. Bull. Mar. Sci. 1:149-186.; 

I, Redrawn from Coe, W. R. 1926. The pelagic nemerteans. Mem. Mus. Comp. Zool. 49:1-244.) 
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cross section, whereas larger-bodied species are dorsoven- 

trally flattened (ribbon-shaped). Neinerteans often are boldly 

pigmented and patterned in yellow, orange, red, and green, 

but some are pale and nondescript. Many deepwater pelagic 

species, which live in darkness, are bright red, orange, or yellow. 

BODY WALL, LOCOMOTION, 
AND EXTENSIBILITY 
The body wall (Fig. 11-2C) is composed of a densely ciliated, 

glandular epidermis, a layer of connective tissue, and a thick 

musculature. A cuticle is absent and each ciliated cell bears 

many cilia and microvilli. Nemerteans lack a protective cuticle 

or exoskeleton, but the epidermis secretes a sticky, toxic mucus 

to discourage predators. The bright and contrasting colors of 

some species are believed to be aposematic, alerting would-be 

predators to the nemertean’s distastefulness. Beneath the 

epidermis is the well-developed musculature, which usually 

consists of at least three layers. The outermost layer is circular, 

the innermost is usually longitudinal and often very thick 

(Fig. 11-2C), with crisscrossing helical muscles between the cir- 

culars and longitudinals. The helical muscles allow the worms 

to twist and coil. A series of dorsoventral muscles, which flatten 

the body, is also present. A connective-tissue layer, developed to 

a greater or lesser extent, lies between the musculature and the 

gut of some species. In pelagic nemerteans, this connective tis- 

sue is gelatinous and buoyant. 

Most nemerteans use their epidermal cilia to glide over the 

substratum on a trail of slime, some of which is secreted by 

cephalic glands on the head (Fig. 11-2A,B). The larger species, 

such as Cerebratulus, use muscular waves to crawl over surfaces. 

Burrowing nemerteans such as Cerebratulus, Carinoma, and Zyge- 

upolia do not use cilia for locomotion, but instead employ 

a muscular peristalsis (Fig. 11-3). The peristaltic waves are 

most powerful anteriorly, where the fluid-filled rhynchocoel 

of the proboscis apparatus functions as a hydrostat. Burrowing 

nemerteans often have extremely muscular body walls. Indeed, 

branches from the mesodermal muscles of some nemerteans 

enter the epidermis to form extra muscle layers. Still other 

ribbon worms, such as Cerebratulus, swim using dorsoventral 

undulations of the body. In these, the dorsoventral muscu- 

lature, which flattens the body, is particularly well developed. 

Most nemerteans are remarkably extensible worms, a trait 

they share only with a few annelids. Some, such as Micrura, 

Lineus, and Tubulanus, can extend to at least 10 times the 
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FIGURE 11-3 Nemertea: peristaltic burrowing in Carinoma 
tremaphoros. Peristaltic waves (numbered) originate anteriorly and 
progress rearward as the animal burrows. Peristalsis is restricted to the 
section of the body in which the rhynchocoel (fluid skeleton) is well 
developed. (Modified and redrawn from Turbeville, J. M., and Ruppert, 
E. E. 1983. Epidermal muscles and peristaltic burroioing in Carinoma 
tremaphoros: Correlates of effective burrowing without segmentation. 
Zoomorphology 103:103-120.) 

resting body length. The muscles are smooth (in palaeo- 

nemerteans) or obliquely striated (in all others) mesodermal 

myocytes (Fig. 6-4C, 6-5C,D). 

PROBOSCIS AND RHYNCHOCOEL 
Nemerteans have a characteristic proboscis apparatus used 

to capture prey and sometimes to burrow (Fig. 11-2A,B, 11-4). 

The proboscis is a long, extensible, muscular tube lying in a 

fluid-filled coelomic cavity called the rhynchocoel. The inner 

end of the proboscis is blind and attached to the rear of 

the rhynchocoel by a greatly extensible retractor muscle (Fig. 

11-2A) that can stretch up to 30 times its resting length. Ante- 

riorly, the lumen of the proboscis joins a short canal known as 

the rhynchodeum, which begins at approximately the level 

of the brain and extends forward to a proboscis pore on the 

anterior tip of the worm (Fig. 11-2A,B). The proboscis everts 

(turns inside out) through the proboscis pore as muscles in 

the rhynchocoel wall compress the rhynchocoel (Fig. 11-4D); 

the retractor muscle pulls the proboscis back into the rhyn- 

chocoel. Both rhynchodeum and proboscis develop as body- 

wall invaginations, and their walls are similar to the body wall. 

In some nemerteans (Anopla), the proboscis is a simple 

unbranched or branched tube (Fig. 11-4A,B), but in others, 

called armed nemerteans (Enopla), the proboscis usually bears 

one calcareous barb called a stylet (some species have many 

stylets), which is attached to the proboscis wall by a bulbous, 

secreted structure called the basis (Fig. 11-4C; 11-5A,C,D). The 

point of stylet attachment is not at the end of the proboscis, 

FIGURE 11-4 Nemertea: proboscis types and proboscis eversion. A, Palaeo- and heteronemerteans have 
a proboscis that lacks a calcified stylet and is typically covered with sticky papillae. B, A branched proboscis 
occurs in species of the heteronemerteans Gorgonorhynchus and Polybrachiorhynchus. In these, the pro- 
boscis erupts from its pore like a mass of sticky spaghetti and entangles the prey. C, An armed proboscis of 
a monostiliferan hoplonemertean. D, Contraction of circular muscles in the rhynchocoel wall raises rhynchocoelic 
fluid pressure, causing the proboscis to evert. Proboscis eversion stretches the proboscis retractor muscle. 
On contraction, the retractor muscle will pull the proboscis back into the rhynchocoel. (B, Redrawn from Sterrer, W. 
1986. Marine Fauna and Flora of Bermuda. John Wiley and Sons, Inc., New York. p. 210.) 
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Dorsal commissure of brain 

FIGURE 11-5 Anatomy of armed nemerteans (Monostilifera). A, Dorsal view (frontal section). Bt Sagittal 

section of head showing union of foregut and rhynchodeum. C and D, Detail of the stylet apparatus before 

(C) and after (D) eversion. Much of the toxin that enters the prey originates in the anterior proboscis, but some 

also may enter the wound from the posterior proboscis (arrows in D). (B, Modified and redrawn from Strieker, S. A. 

1982. The morphology of Paranemertes sanjuanensis sp. n. (Nemertea, Monostilifera) from Washington, U.S.A. Zool. 

Scripta 11:107-115; C, Modified and redrawn from Strieker, S. A., and Cloney, R. A. 1981. The stylet apparatus of the 

nemertean Paranemertes peregrina: Its ultrastructure and role in prey capture. Zoomorphology. 97:205 - 223.) 

but rather approximately two-thirds of the distance from the 

anterior end of the body. Reserve stylets are held on each side 

of the active central stylet to provide replacements as the ani- 

mal increases in size or when the main stylet is lost during feed- 
ing (fig- 11-5A,C,D). In armed nemerteans, the proboscis 
everts only enough to expose the stylet. The everted part of the 

proboscis is called the anterior proboscis and the uneverted 

part behind the stylet is the posterior proboscis. 

NUTRITION AND DIGESTIVE SYSTEM 
Nemerteans are carnivores that feed chiefly on annelids and 

crustaceans, but a few may scavenge for dead animals. The dis- 

charged proboscis of unarmed nemerteans coils around the 

prey while sticky, toxic secretions aid in holding and immo- 

bilizing it (Fig. 11-4A). In the armed nemerteans, the proboscis 

is everted to expose the stylet at the proboscis tip (Fig. 11-5D). 

The stylet stabs the prey repeatedly, which allows the neurotoxic 

(tetrodotoxin and others) and cytolytic secretions to enter the 

pit\ s body. Some additional toxin may be pumped into the 

wound from the posterior proboscis chamber (Fig. 11-5A,C,D). 

The immobilized prey is either swallowed whole or, after partial 

digestion, its tissues are sucked directly into the mouth. 

Nemerteans feed on a variety of prey, including worms, 

clams, and crustaceans. Some large, bivalve-feeding species can 

devastate clam beds. The large, unarmed Cerebratulus lacteus 

of the eastern coast of the United States enters the burrow of the 

razor clam, Ensis directus, from below and swallows the clam as it 

withdraws downward. Paranemertes peregrina, an armed, intertidal 

nemertean found on the Pacific coast of the United States, feeds 

on polychaete annelids. This nemertean leaves its burrow to 

feed and can follow the mucous trails of prey, but it must touch 

the prey to initiate the feeding response. Once contact occurs, 

the everted proboscis wraps around and stabs the prey repeat- 

edly. The paralyzed prey is swallowed as the retracting proboscis 

drags it into the mouth. After feeding, the nemertean finds 

its home burrow by backtracking along its own mucous trail. 

Other armed nemerteans feed on small crustaceans such as 

amphipods. They kill the prey with a piercing stylet strike to the 

ventral exoskeleton and then wedge their head into the breech. 



General Biology 275 

FIGURE 11-6 Nemertea: the armed Nipponemertes pulcher 
attacking an amphipod crustacean. The proboscis (P) is wrapped around 
the amphipod from behind and is striking the ventral surface. 

The esophagus is everted and the contents of the prey are 

sucked out and digested (Fig. 11-6). Species of Carcinonemertes 

are economically important predators on the external egg 

“sponges” of brooding crabs. The short proboscis everts to just 

beyond the proboscis pore, where its stylet punctures the 

eggshell to allow the contents to be sucked out (Fig. 11-1G). 

The digestive system consists of mouth, foregut, stomach, 

intestine, and anus. The ventral mouth is at the anterior end 

of the body near the level of the brain. It opens into a foregut, 

which is often subdivided into buccal cavity, pharynx, and glan- 

dular stomach. The foregut joins a long intestine with lateral 

intestinal diverticula (Fig. 11-2A). In some species, another 

intestinal diverticulum, the cecum, extends anteriorly past the 

foregut junction. The intestine opens at the anus, located at 

the tip of the tail (Fig. 11-2A, 11-5A). 

In many armed nemerteans, the mouth has disappeared and 

the pharynx unites with the rhynchodeum so that pharynx and 

proboscis share the proboscis pore (Fig. 11-5B). A similar union 

occurs in the commensal bdellonemerteans (Fig. 11-1H), but 

a rhynchodeum is absent. In all other nemerteans, the digestive 

system is completely separate from the proboscis apparatus. 

Digestion is initially extracellular in the intestinal lumen, 

including the diverticula. Partially digested particulates are 

phagocytosed by gastrodermal cells and digestion is completed 

intracellularly. Nutrient storage also occurs in these cells. 

GAS EXCHANGE, INTERNAL 
TRANSPORT, AND EXCRETION 
Nemerteans lack specialized gills, and gas exchange occurs 

across the surface of the long, sometimes flattened body. 

Nemerteans, like other large animals with thick body walls, use 

fluid circulation rather than simple diffusion to transport sub- 

stances throughout their bodies. Nemerteans have a coelomic 
circulatory system consisting of two components: the central 

rhynchocoel and peripheral vessels (Fig. 11-2A,C, 11-7). The 

rhynchocoelic fluid transports substances to and from the pro- 

boscis, as well as performing a fluid-skeletal role in proboscis 

eversion and burrowing. Fluid in the vessels transports sub- 

stances throughout the body, including to and from the rhyn- 

chocoel. The vessels provide whole-body circulation and the 

rhynchocoel, specialized local circulation. 

In basic design, the vessels form a simple loop consisting of 

two lateral vessels, one on each side of the gut, joined together 

anteriorly and posteriorly (Fig. 11-7A). In many nemerteans, 

additional longitudinal and transverse vessels have been added 

to the circulatory loop. Commonly, a branch from each lateral 

vessel extends into the rhynchocoel wall. The vessels are lined 

by a mesothelium, and some cells are epitheliomuscular and 

bear a cilium (Fig. 11-7D,E). 

The vessels are contractile, although fluid flow depends on 

contraction of both vessels and body-wall musculature. Circu- 

lation is intermittent in some species, and fluid ebbs and flows 

in the two lateral vessels. In other species, such as Amphiporus 

cruentatus, which has the basic loop plus a dorsal longitudinal 

vessel, fluid flows anteriorly in the dorsal vessel and posteriorly 

in the lateral vessels (Fig. 11-7B). 

The vessel fluid is usually colorless, but in many species it 

contains cells that are yellow, orange, green, or occasionally 

red (hemoglobin). The hemoglobin-containing cells bind and 

transport oxygen, but the function of the other pigments is 

unknown. In addition to the pigmented corpuscles, the vessel 

and rhynchocoelic fluid also contain colorless amebocytes. 

Communication between the vessel and rhynchocoelic 

coeloms occurs across specialized exchange sites called vascu- 
lar plugs. A vascular plug occurs at the blind end of a vessel 

that distends the rhynchocoel wall and bulges into the rhyn- 

chocoel. In at least one species, the plug is overlaid with 

podocytes, across which exchange of fluid, ions, nutrients, and 

other substances may occur between the two compartments. 

The excretory system consists of two or more pro- 

tonephridia, each bearing many terminal cells (Fig. 11-2A). The 

protonephridia generally are restricted to the anterior foregut 

region of the body, not scattered throughout as in most flat- 

worms. The terminal cells project into the wall of the lateral 

vessels (Fig. 11-8) and modify the fluid delivered to them by the 

circulatory system. In a few cases, the vessel lining is interrupted 
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FIGURE 11-7 Nemertea: coelomic circulatory system. A, The 
palaeonemertean Cephalothrix sp., B, Hoplonemertean Amphiporus 
cruentatus, and C, Heteronemertean Cerebratulus spp. Fluid flows 
anteriorly in the median dorsal vessel of Amphiporus and posteriorly in 
the two lateral vessels. The cross sections of the vessels in Cephalothrix 
show epitheliomuscular (D) and ciliated (E) mesothelial lining cells. 
Such cells do not occur in hemal vessels, but are of common occurrence 
in coelomic linings. These facts indicate that the nemertean circulatory 
system is, like the rhynchocoel, a modified coelom. The coelomic fluid 
of Amphiporus cruentatus is red because it includes hemoglobin- 
containing coelomocytes. (D and E, Modified and redrawn from Turbeville, 
J. M. 1991. Nemertinea. In Harrison, F. W., and Bogitsh, B.J. (Eds.): 

Microscopic Anatomy of Invertebrates. Vol. 3. Wiley-Liss, Inc., New York, 
pp. 283-328.) 

at the sites of contact so that the basal lamina around the termi- 

nal cells is bathed direcdy in fluid. The many nephridial tubules 

unite to form larger collecting ducts before opening to the 

exterior. A nephridiopore, or pores, is located on each side of 

the body at the level of the foregut. Protonephridia play a role 

in osmoregulation because semiterrestrial and freshwater spe- 

cies have many more terminal cells, sometimes thousands more, 

than do their marine counterparts. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The central nervous system consists of a brain and a pair of lon- 

gitudinal nerve cords. The brain is a ring of four anterior gan- 

glia around the rhynchodeum or anterior rhynchocoel. The two 

lateral nerve cords are large and nonganglionated (Fig. 11-2A,C, 

11-5A). Additional longitudinal cords are often present, includ- 

FIGURE 11-8 Nemertea: excretion. Protonephridia are intimately 
associated with the lateral coelomic vessels. This association allows the 
nephridia to be anatomically localized while functionally serving the 
entire body. 

ing a dorsal cord. The nerve cords and especially the brain are 

commonly pink or red because they contain a noncirculating 

hemoglobin (neuroglobin). This respiratory protein stores oxy- 

gen, thus extending the time period of peak neuromuscular 

functioning, or even normal functioning, under conditions of 

environmental anoxia (such as burrowing in oxygen-free sedi- 

ments). Hemoglobin is absent in muscles and only rarely occurs 

in the circulatory system. Perhaps for these reasons, most 

nemerteans are limited to short bursts of vigorous movement. 

Sense organs consist of sensory epidermal pits, pigment-cup 

ocelli, ciliated cephalic slits and grooves, cerebral organs, and 

eversible frontal organs (Fig. 11-9A-D) The last three of these 

are probably chemoreceptors. Cephalic slits and grooves are 

shallow, ciliated furrows underlaid by neurons. The cerebral 

organs are a pair of blind sacs lined by nerve and neuro- 

endocrine cells and associated with the cerebral ganglia. A cili- 

ated canal leads from each sac to the exterior (Fig. 11-9A,C). 

The external openings of the canals are in the cephalic slits or 

grooves, or in a pair of pits over the brain area. Bidirectional 

water currents created by cilia in the canals appear to be acti- 

vated in the presence of food. The cerebral organs also may have 

a neuroendocrine role in osmoreguladon. The cerebral organs 

of worms placed in low-salinity water release a substance into the 

blood that may increase the pumping rate of the nephridia. 

REPRODUCTION AND DEVELOPMENT 
Nemerteans regenerate readily and reproduce clonally as well 

as sexually. Fragmentation is common in large-bodied species, 

especially when irritated. Because of this tendency, collecting 

large, intact specimens is often difficult. Sometimes, too, the 

proboscis becomes detached when everted. The worm soon 

regenerates a lost proboscis, but the ability of body fragments 
to regenerate new worms varies gready, depending on species. 

Some, including certain members of the genus Linens, rou- 

dnely reproduce by fragmentation, and even posterior sections 
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FIGURE 11-9 Nemertea: sense organs. A and D, Lateral cephalic slits (Heteronemertea). B, Transverse or 

oblique cephalic grooves (Hoploneinertea). A and B, Photoreceptive ocelli (all taxa) range in number from one to 

many pairs. A, C, and top inset. Cerebral organs—most likely chemoreceptors — are closely associated with the 

brain (in most nemerteans). C and bottom inset, Statocysts (in a few tiny interstitial nemerteans). D, Eversible 

frontal organs (in several taxa): A, Lineus socialis; B, Amphiporus ochraceous; C, Ototyphlonemertes pallida; 

D, Cerebratulus lineolatus. (C, Modified and redrawn from Mock, H. 1978. Ototyphlonemertes pallida (Keferstein, 1862). 

Mikrofauna Meeresbodens. 67:559-570.) 
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FIGURE 11-10 Nemertea: clonal reproduction. Fragmentation 

occurs in Lineus, as well as in other nemerteans. Annulations on 

the body surface (A) are preformed fragmentation zones. After 

fragmentation (B), each fragment regenerates missing parts and 

becomes a complete worm (C). (Modified and redrawn from Coe, W. R. 

1943. Biology of the nemerteans of the Atlantic coast of North America. Trans. 

Conn. Acad. Arts Sci. 35:129-328.) 

of the body are capable of total regeneration (Fig. 11-10), 

which takes place in a mucous cyst. 

Most nemerteans are gonochoric and the reproductive 

system is simple. Gametes develop from stem cells that aggre- 

gate and become enclosed in an epithelium to form a gonad. 

The gonads alternate with the series of intestinal diverticula 

on each side of the body (Fig. 11-2A, 11-5A). Each gonad is 

tucked into the pocket formed by two diverticula and probably 

receives nutrients directly from them. 

Female 

Cocoon 

Male 

FIGURE 11-11 Nemertea: sexual pairing, fertilization, and egg 

capsules. Preceding fertilization in Lineus viridis, the female constructs 

a tubular cocoon (which resembles the permanent tube of the 

palaeonemertean Tubulanus) around herself and the smaller male (A). 
After an hour or two, the male releases sperm, which are believed to 

enter the female and fertilize her eggs internally. She then releases 

fertilized eggs in capsules (B) that are attached to the tube lining and 

surrounded by mucus (C). (Modified and redrawn from Bartolomaeus, T. 

1984. Zur Fortpflanzungbiologie von Lineus viridis (Nemertini). Helgol. wiss. 

Meeresunters. 38:185-188.) 

After maturation of the gametes, a short gonoduct grows 

from each gonad to the outside, allowing the gametes to 

escape. Each ovary produces 1 to 50 eggs, depending on the 

species. The shedding of eggs or sperm does not necessarily 

require contact between two worms, although some species 

aggregate at the time of spawning or a pair of worms may 

occupy a common burrow or secreted cocoon (Fig. 11-11). 
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Fertilization is external in most nemerteans, and the eggs 

are either shed and dispersed into seawater or deposited 

within the barrow, or tube, or in gelatinous strings (Fig. 

11-11). A few species are viviparous and gestate their embryos 

internally. 

Cleavage in nemerteans is spiral, development is determin- 

ate, and most mesoderm arises from a mesentoblast (4d) cell. 

The lateral blood vessels originate as a pair of mesodermal 

bands that undergo schizocoely. Similar to flatworm embryos, 

but different from annelids, molluscs, and relatives (Trochozoa), 

nemertean embryos lack trochoblast cells, the cells that give 

rise to the characteristic ciliary band (prototroch) of the trocho- 

phore larva of trochozoans (Chapter 12). 

The embryos of most nemertean taxa develop directly or 

via a short-lived, lecithotrophic larval stage. Many hetero- 

nemerteans, however, pass through a free-swimming, plank- 

totrophic larval stage called a pilidium (Fig. 11-12). The 

helmet-shaped pilidium has an apical tuft of cilia (partly sen- 

sory), a band of locomotory cilia, and a thick, gelatinous blas- 

tocoel for buoyancy. Mouth and gut are well developed, but 

an anus is absent. Among planktotrophic larvae in general, 

the pilidium is atypical for its lack of excretory organs. After 

a free-swimming existence, the pilidium undergoes a complex 

metamorphosis (Fig. 11-12E-H) in which the larval body is 

largely discarded and eaten by the juvenile, which differenti- 

ates from imaginal discs. Paranemertes peregrina has a life span 

of about one and a half years. Spawning occurs in spring and 

summer, and adults die in the winter. Juveniles resulting from 

the spring and summer spawn attain sexual maturity the 

following spring and summer. 

FUNCTIONAL DESIGN OF NEMERTEA 
The functional design of nemerteans is similar to that of flat- 

worms, except for their greater length, proboscis apparatus, 

and the occurrence of a circulatory system. Like flatworms, 

they rely on diffusion for oxygen transport across the body wall 

and diffusion of nutrients from gut to gonads, which are inti- 

mately associated with the absorptive and storage region of the 

gut. In such long worms, the circulatory system is important 

for convective transport of nutrients to body regions distant 

from the intestine and for hormone and gas transport, at least 

in some species. The circulatory system, via vascular plugs, 

also supplies the rhynchocoel and proboscis. The contact and 

exchange between the circulatory system and protonephridia 

allow the nephridia to be concentrated regionally rather than 

being widely dispersed throughout the body, as in flatworms. 
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I‘IGURE ll-l2 Nemertea: larval development and metamorphosis in heteronemerteans. A-D, Development 
of the pihd.um larva (D). Metamorphosis is initiated when seven invaginations of larval ectoderm (E) pinch off 
into the biastocoel to form seven hollow vesicles (imaginal discs). These vesicles grow to surround the larval 
endoderm (F and eventually fuse together (G) to form a continuous, double-walled sheath over the larval gut. 

n 'Cm C h beC°meS thS epidermis of the developing worm. Inner and outer walls enclose a fluid* led amniot.c cavity (G and H). Eventually, the juvenile worm ruptures from the amnionic enclosure 
and the larval body to adopt an independent existence (A-D, Modified and redrawn from Iwata, F. 1985. Foregut 
Jannation oj the nemerteans and its role in nemertean systematics. Am Zool. 25:23-36 ) 
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DIVERSITY OF NEMERTEA  
Anoplac (= unarmed): Simple, unarmed proboscis without 

stylet, mouth posterior to brain (both plesiomorphies, thus 

Anopla is paraphyletic). 

Palaeonemertea0: 100 marine species. Body-wall muscula- 

ture arranged in outer circular, inner longitudinal layers 

(Fig. 11-2C). Carinoma, Cephalothrix, Tubulanus (Fig. 11-1A,C). 

Carinoma tremaphoros: in addition to two muscle layers 

below epidermis, it has an additional circular and longi- 

tudinal layer within epidermis; four-layered musculature 

apparendy related to rapid burrowing using peristalsis 

(Fig. 11-3). 

Heteronemertea0: Approximately 400 common and familiar 

species; majority are marine, but 3 species in fresh water. 

Four layers of body-wall muscles: an outer, weakly developed 

circular layer; a powerful longitudinal layer; another circu- 

lar layer; and an innermost longitudinal layer. Nerve cords 

in the innermost circular muscle layer. Includes strongest 

nemertean swimmers, notably Cerebratulus (Fig. 11-ID). 

Gorgonorhynchus, Polybrachiorhynchus: proboscis tip branched 

and when everted functions as a sticky cast net (Fig. 11-4B). 

Baseodiscus, Lineus (Fig. 11-1E), Micrura, Zygeupolia, and 

many others. 

Enopiac (= armed): Armed nemerteans (except Bdellone- 

mertea); mouth anterior to brain. Nerve cords located 

inside body-wall musculature. 

Bdellonemertea0: Seven species of Malacobdella, six com- 

mensals in mantle cavity of large marine clams, including 

Macoma, Mercenaria, Mya, and Siliqua, one in mantle cavity 

of freshwater snail. Steal food from filter-feeding host. 

Short, wide, flat, leechlike (Fig. 11-1H). Lack stylet, but 

have unique sucking pharynx and posterior sucker for 

attachment to host. Move in inchworm fashion, alternately 

attaching mouth and sucker. Malacobdella grossa: Europe 

and eastern North America; M. siliquae and M. macomae: 

Pacific northwest of North America. 

Hoplonemertea0: Most diverse nemertean taxon, 650 ben- 

thic, pelagic, commensal, parasitic marine species as well 

as freshwater and terrestrial species. Proboscis armed with 

stylet. 

Monostiliferas0: 500 benthic species. Proboscis with stylet 

bulb and single central stylet (Fig. 11-4C, 11-5A,C,D). 

Emplectonema, Nemertopsis: nearshore marine; individuals 

aggregate, intertwine threadlike bodies in a Gordian knot 

that only they can untie. Marine Amphiporus, Paranemertes 

(Fig.ll-IF), Prosorhochmus (viviparous), and Zygonemertes also 

common inshore. Marine Carcinonemertes are parasites (egg 

predators) on crabs (Fig. 11-1G). Ototyphlonemertes: tiny, 

marine, interstitial: move among spaces between sand 

grains on beaches; the only nemerteans with statocysts (Fig. 

11-9C). Freshwater Prostoma: edges of ponds, lakes, associ- 

ated with aquatic algae, submerged plants. Terrestrial Geone- 

mertes, Pantinonemertes, others: in warm, humid, coastal areas 

under leaves, tree bark, logs. Typically circular cross section 

to minimize surface area, water loss. Some use proboscis 

for locomotion as well as for prey capture. For locomotion, 

extended proboscis tip adheres to object and worm is then 

pulled forward as proboscis retracts. Most freshwater and 

terrestrial nemerteans are hermaphrodites. 

Polystil iferas°: About 100 pelagic and 50 benthic marine 

species. Instead of stylet bulb and stylet, have padlike struc- 

ture that bears many thorny stylets. Nectonemertes (Fig. 11-11): 

pelagic, gelatinous, buoyant, at depths of 650-1700 m. 

PHYLOGENY OF NEMERTEA  
Traditionally, nemerteans were considered to be the sister 

taxon of Platyhelminthes based on the common occurrence of 

a flatwormlike shape, cuticle-free, ciliated epidermis, rhabdites, 

parenchyma, follicular gonads, protonephridia, and an ever- 

sible proboscis (present in some flatworms). Assuming that 

platyhelminths are the most primitive bilaterians, nemerteans 

were regarded as the first animals to evolve a coelom (albeit an 

unusual one in the form of a rhynchocoel), a hemal system (an 

earlier interpretation of the coelomic vessels), and a close asso- 

ciation between circulatory and excretory systems (as in, for 

example, the vertebrate kidney). 

Most of the characters shared by Platyhelminthes and 

Nemertea, however, are probably symplesiomorphies or con- 

vergences that do not support a sister-taxon relationship. 

Nemertean rhabdites are now known to be unlike and unre- 

lated to those of flatworms; nemerteans probably lack flat- 

wormlike parenchyma; the flatworm proboscis is dissimilar and 

probably unrelated to that of nemerteans; and both a ciliated 

epidermis and protonephridia are widespread in coelomate 

and acoelomate animals, not just in flatworms and nemerteans. 

Recent evidence also indicates that the nemertean circulatory 

system is not a hemal system, but rather a modified coelom 

similar to the rhynchocoel. This conclusion is based on several 

characters that nemertean vessels share with coeloms, includ- 

ing the lateral position of the vessels, a mesothelial lining 

(absent in invertebrate blood vessels), the occurrence of cili- 

ated epitheliomuscular cells in the vessel linings, and their 

morphogenesis by schizocoely from the embryonic mesoder- 

mal bands (derivatives of the mesentoblast). 

Nemerteans and platyhelminths lack any synapomorphies 

and only one, the presence of an anus, unites nemerteans 

with trochozoans. To this one character might be added the 

common occurrence of a coelom, and these two characters 

together, as synapomorphies, would establish a sister-taxon 

relationship between Nemertea and Trochozoa (Fig. 9-26A). 

The nemertean coelom (vessels and rhynchocoel), however, is 

highly specialized and its relation with other organs differs 

from that of trochozoans. In nemerteans, gametes are shed to 

the exterior directly from the gonads, whereas in trochozoans, 

they are released first into the coelom. Nemertean pro- 

tonephridia bulge into the coelomic vessels but are not in 

direct contact with the coelomic fluid. Trochozoan pro- 

tonephridia are suspended in and exposed to the coelomic 

fluid. These comparisons suggest that nemertean and tro- 

chozoan coeloms are, at best, homologous as mesothelium- 

lined cavities derived from mesoderm, but their specific adult 

forms probably are independently derived. 

Vigorous phylogenetic research on Nemertea is in progress, 

but results are not yet available. The cladistic analysis of 

Nemertea shown in Figure 11-13 supports the monophyly of 

Enopla, but not Anopla, which may be a paraphyletic taxon. 
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FIGURE 11-13 Nemertea: phylogeny. 

1, Nemertea: eversible proboscis + 

rhynchocoei, coelomic lateral vessels, vascular 

plugs, protonephridia concentrated and 

associated with lateral vessels, complete gut, 

cephalic organs, toxic epidermal secretions. 

2, Palaeonemertea: (perhaps a paraphyletic 

taxon). 3, N.N.: obliquely striated muscle. 

4, Heteronemertea: outer longitudinal muscle 

layer of body wall well developed, pilidium 

larva. 5, Enopla: nerve cords internal to body- 

wall musculature. 6, Bdelionemertea: union of 

proboscis with pharynx, rhynchocoei absent, 

posterior sucker. 7, h'oplonemertea: proboscis 

stylet, tripartite pharynx. 8, Monostilifera: 

union of proboscis with pharynx, single stylet 

on bulbous base. 9, Polystilifera: multiple 

stylets on pad. 
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INTERNET SITES 
www.ucmp.berkeley.edu/nemertini/nemertini.html (Brief introduction 

to nemertines with a few good color images.) 

http://nemertes.si.edu/ (J. Norenburg’s page on nemertean 

research.) 

www. mbl.edu/BiologicalBulletin/EGGCOMP/pages/'25.html (Online 

version of Costello and Henley’s instructions for the collec- 

tion and maintenance of adult Cerebratulus lacteus and for 

rearing their embryos.) 



BIVALVIAC 

Molluscap 

GENERALIZED MOLLUSC 

APLACOPHORAc 

POLYPLACOPHORAc 

MONOPLACOPHORAc 

GASTROPODAc 

CEPHALOPODA0 

PHYLOGENETIC HIERARCHY 
OF CEPHALOPODA 

PHYLOGENETIC HIERARCHY 
OF BIVALVIA 

SCAPHOPODA0 

PHYLOGENY OF MOLLUSCA 

PHYLOGENETIC HIERARCHY 
OF MOLLUSCA 

283 



284 Chapter 12 MolluscaF 

ollusca is an enormous taxon second only to Arthro- 

poda in number of living species. It includes many familiar 

animals such as clams, oysters, mussels, snails, slugs, octopods, 

and squids in seven living classes. In spite of their obvious dis- 

similarities, these animals are all molluscs and share many 

basic features. 

There are probably about 100,000 described species of 

Recent molluscs. Estimates range from 50,000 to 150,000, with 

the uncertainty being due largely to the many species that 

have been described several times. There are also about 

35,000 described extinct species. Mollusca has a long evolu- 

tionary history and, thanks to the easily preserved calcareous 

shell, a rich fossil record that dates back to the Cambrian. 

Molluscs are chiefly marine, and all seven classes are present 

and most successful in the sea. Some bivalves and gastropods 

are found in freshwater habitats, but only the gastropods are 

present on land. 

Mollusca includes the taxa Aplacophora, Polyplacophora, 

Monoplacophora, Gastropoda, Cephalopoda, Bivalvia, and 

Scaphopoda (Fig. 12-125), which are considered to be classes 

in traditional Linnean classifications. Aplacophora consists of 

small, wormlike molluscs with numerous calcareous spicules 

rather than a shell. Polyplacophorans, or chitons, have eight 

shell plates. Monoplacophorans have a low, conical, limpetlike, 

shell and live in deep water. (The limpet shape appears often 

in molluscan evolution and includes an uncoiled, caplike, low- 

profile shell and a large creeping foot). Gastropods are the 

snails and slugs and have a one-piece, often coiled shell and 

are found in the sea, in fresh water, and on land. Cephalopods 

include the squids and octopods and mostly have reduced, 

absent, or internalized shells. The bivalves are the clams and 

their relatives with a shell divided into two pieces. Scaphopods 

are the tusk molluscs with a one-piece, tubular shell. 

GENERALIZED MOLLUSC  
The seven major taxa of living molluscs share a common gen- 

eral design, but each has modified one or more aspects of that 

design in a manner characteristic of the taxon. For that rea- 

son, no single taxon fully represents the common molluscan 

layout and none can be considered an exemplar of Mollusca. 

Ideally, a molluscan ground plan, derived from phylogenetic 

research, would be used to describe basic molluscan form 

and function; however, such a ground plan remains a matter 

of debate and no single model has been universally adopted. 

One such model will be discussed with the phylogeny of mol- 

luscs at the end of the chapter. For the time being, we con- 

struct a generalized mollusc whose form and function provide 

a convenient staiting point on which to build an understand- 

ing of molluscan biology. The actual molluscan common 

ancestor could have resembled this generalized mollusc, but 

the latter was manufactured as a teaching tool and not in strict 

accordance with the rules of phylogenetic research. 

The generalized mollusc is a marine benthic animal, bilater- 

ally symmetric, dorsoventrally depressed, and ovoid in outline 

(Fig. 12-1 A). The body is divided into a small, poorly defined 

anterior head, a large dorsal visceral mass, and a broad, flat 

ventral foot. This animal is adapted for life on hard, rocky sub- 

strates, where it uses its rasplike radula to graze on the biofilm 

of microscopic algae and other small sessile organisms. The 

animal attaches to the substratum by the muscular foot, which 

it uses to move slowly about in search for food. There is a dor- 

sal shieldlike shell, which can be clamped against the substra- 

tum to protect the soft parts from predators. 

MANTLE 
Dorsally, the body wall over the visceral mass is elaborated to 

form the mantle (Fig. 12-1A,B), or pallium, which is character- 

istic of all molluscs. The mantle epidermis secretes protein, 

calcium salts, and mucus and is also sensory. 

SHELL 
The shell is a simple, low, conical cap covering the dorsum 

of the generalized mollusc (Fig. 12-1A,B). In most living 

molluscs, however, the shell has become a spacious retreat. 

The mantle epithelium secretes protein and calcareous 

material that in most molluscs take the form of a calcareous 

shell and, occasionally, needlelike spicules. The shell proba- 

bly originated in the ancestral mollusc as a thick dorsal cuti- 

cle of chitin and protein, to which calcium salts were later 

added. 

The eumolluscan shell consists of three basic layers, one 

organic and two calcareous. The outermost layer is the perio- 

stracum, composed of the protein conchiolin. Immediately 

under this layer is the calcareous ostracum and inside that 

is the hypostracum. These two inner layers are composed of 

calcium carbonate deposited over an organic matrix. In the 

gastropods, cephalopods, and bivalves, the hypostracum may 

be nacreous (pearly). All shell layers are secreted by the man- 

tle epidermis and through its activity the shell increases in size 

as the animal grows. 

MANTLE CAVITY 
A dorsal peripheral outfold of the mantle, the mantle skirt, 

partially encloses a pocket, the mantle cavity, that is continu- 

ous with the surrounding seawater (Fig. 12-1A,B). This space 

is a central and characteristic feature of the molluscan body 

and one on which many important processes depend. The 

outer epidermis of the mantle skirt underlies the shell, 

whereas the inner epidermis lines the mantle cavity, secretes 

mucus, and is often ciliated. The epidermis forming the edge 

of the skirt is secretory and sensory and is responsible for 

producing the protein and calcium carbonate necessary for 

increases in shell length. The outer epidermis secretes the cal- 

cium carbonate required for increasing shell thickness. In the 

ancestral mollusc, the mantle cavity was probably posterior 

and extended anteriorly as a pair of lateral pallial grooves, one 

on each side of the body. In specific molluscs, it may be poste- 

rior, lateral, anterior, or even reduced or lost. The gills, 

nephridiopores, anus, gonopores, and sensory osphradia are 
located in the mantle cavity. It is sometimes involved in feed- 

ing and, when anterior, may provide space for the retracted 

head and foot. 
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FIGURE 12-1 The generalized mollusc. A, Lateral view. Arrows indicate path of water current through mantle 
cavity. The ventral current is inhalant, the dorsal exhalant. B, Transverse section through the body of the generalized 
mollusc at the level of the mantle cavity. C, Frontal section through the primitive bipectinate gill, showing 
alternating filaments and supporting chitinous rods. D, Transverse section through the gill of the primitive gastropod 
Haliotis. Large outlined arrows indicate the direction of water current over the gill filaments; small solid arrows 
indicate the direction of the cleansing ciliary currents; small broken arrows indicate the direction of blood flow 
within the gill filaments. (B-l), Modified and redrawn from Yonge, C. M. 1947. Thepallial organs of the aspidobranchiates 

Mollusca, a functional interpretation of their structure and evolution. Phil. Trans..Roy. Soc. Lond. B. 443-518.) 
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GILLS 
The generalized mollusc has several pairs of gills (ctenidia; 

ctene = comb), one pair of which is located in the posterior 

mantle cavity (Fig. 12-1A,B). Most modern molluscs have only 

one pair or, sometimes, only one gill. The original gills may be 

lost or replaced by secondary gills. 

A generalized gill consists of a central axis, which is attached 

to the mantle along one edge (Fig. 12-ID). The axis contains 

muscles, blood vessels, and nerves. From opposite sides of the 

axis arise two rows of leaflike gill filaments. Each filament has 

an upstream frontal margin on one side and a downstream 

abfrontal margin on the opposite side (Fig. 12-1B). The two 

rows of filaments are usually staggered with respect to each 

other (Fig. 12-1C) so that their bases alternate on opposite sides 

of the axis. Because there are two rows of filaments, these primi- 

tive gills are referred to as bipectinate (Fig. 12-1C,D). Many liv- 

ing molluscs, however, have monopectinate gills in which there 

are filaments on only one side of the axis, like teeth on a comb 

(pectin = comb). 

The filaments lie close together but are separated from 

their neighbors by interfilamentary water spaces (Fig. 12-1C). 

The gills divide the mantle cavity into ventral inhalant 

(infrabranchial) and dorsal exhalant (suprabranchial) cham- 
bers (Fig. 12-1A,B,D). The exposed gill surfaces formed by the 

combined edges of the filaments are known as lamellae. That 

portion facing the inhalant chamber, the frontal lamella, is 

composed of the combined frontal margins of the gill fila- 

ments. Similarly, the abfrontal lamella faces the exhalant 

chamber and is composed of the combined abfrontal edges of 

the filaments, (alia on the filaments generate a water current 

that enters the mantle cavity ventrally, flows between the fila- 

ments into the exhalant chamber, and then exits the mantle 

cavity dorsally (Fig. 12-1A,D). 

The epidermis of the filaments bears three tvpes of cilia, 

only one of which — the powerful lateral cilia (Fig. 12-ID) — 

generates the respiratory current through the mantle cavity 
(Fig. 12-1A,D). Gas is exchanged between the flat surfaces of 

the filaments, facing the interfilamentary spaces, and the cur- 

rent as the water passes through these spaces. 

The two remaining types of cilia move mucus and parti- 
cles rathei than water, and keep the gills free of particulate 

material (sediment and detritus) that might interfere with 
tin i espii atoiy flow of water between the filaments. The 

upstream frontal margin of the filament bears frontal cilia 

and the downstream abfrontal margin bears abfrontal cilia 

(Fig. 12-ID). Secietory cells of the gill epithelium secrete 

mucus, which entangles particles from the respiratory cur- 

rent. The frontal cilia generate a current moving away from 

the gill axis toward the tip of the filament. This current 

transports particles trapped in mucus off of the frontal 

lamella and keeps the gill surface clean, preventing the parti- 

cles from clogging the interfilamentary spaces." The cilia 

move the particles along the edge of the filament to the 

exhalant side, where they are released as pseudofeces into 
the exhalant water current, which sweeps them out of the 

mantle cavity. Pseudofeces are strings or pellets of mucus 

and sediment. The abfrontal cilia participate in transport- 

ing pseudofeces. On the mantle roof are two patches of 

mucus-secreting epithelium, called hypobranchial glands 

(Fig. 12-1B). They lie downstream of the gills and trap sedi- 

ment in the exhalant current. 

Oxygen is transported from the gills to the tissues by the 

blood (hemolymph). An afferent branchial vessel in the gill 

axis brings unoxygenated blood to the gill filaments and an 

efferent branchial vessel removes oxygenated blood from the 

gill and transports it to the heart (Fig. 12-ID). Blood circulates 

through the filaments in an exhalant-to-inhalant direction, 

whereas the respiratory water current moves in an inhalant-to- 

exhalant direction (Fig. 12-ID). The resulting countercurrent 

flow facilitates the efficient extraction of oxygen from the 

water. Use of countercurrent gas-exchange mechanisms is 

common in aquatic animals because the low solubility of oxy- 

gen in water necessitates the efficient uptake of oxygen by 

the gills. 

OSPHRADIA 
The presence of a pair of sensory osphradia in the inhalant 

water current is widespread among molluscs (Fig. 12-1 A). Its 

receptor cells monitor the water entering the mantle cavity for 

chemicals and perhaps for sediment. Detection of undesirable 

chemicals or, presumably, a high sediment load, results in ces- 

sation of ciliary beating and water flow over the gills until con- 

ditions improve. 

FOOT 
The ventral surface of the generalized body is occupied by 

a large, muscular foot with a broad, flat, ciliated creepsole 

(Fig. 12-1A). The foot attaches to hard substrata and moves 

the animal over their surfaces. The foot is abundantly sup- 

plied with mucous gland cells that produce a lubricating 

mucus to facilitate locomotion. The foot contains a blood 

sinus, the pedal heinocoel. 

Several pairs of dorsoventral pedal retractor muscles extend 

from the inner surface of the shell to the foot (Fig. 12-1 A). 

Contraction of these muscles pulls the shell toward the foot, or 

vice versa. In the generalized mollusc, the foot is usually 

attached to the substratum, and the action of the pedal retrac- 

tors is to clamp the shell over the visceral mass, head, and foot 

to protect them. In contrast, most living molluscs, when threat- 

ened, release the hold on the substratum and use the retractor 

muscles to withdraw (retract) the foot, along with the head, 

into the shell. 

NUTRITION 
The generalized mollusc is a microphagous browser that uses 

its radula to scrape microscopic algae, other organisms, and 

deti itus from hard substrata. The gut is adapted for separating 

and processing the mixture of fine organic particles (food) 

and fine mineral particles (nonfood). Such a diet requires 

a complicated gut capable of sorting particulate matter into 

nonfood and food particles, discarding the former, and digest- 
ing and absorbing the latter. Unique among the molluscs is 

the use of a variety of external and internal ciliary sorting 

fields foi this purpose. Many living molluscs, such as suspen- 

sion feeders or microphagous browsers, also feed on mixtures 
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FIGURE 12-2 Molluscan radula. A, Mouth cavity, showing radula apparatus in lateral view. B, Protraction 

of the radula against the substratum. C, Retracting movement, during which the substratum is scraped by the 

radula teeth. D, The cutting action of the radula teeth when they are erected over the end of the odontophore 

during radula retraction. (D, FromSolem, A. 1974. The Shell Makers: Introducing Mollusks. Reprinted by permission 

of John Wiley and Sons, New York. pp. 135 and 150) 

of fine organic and mineral particles and may retain many of 

the features of the generalized gut. Many other living mol- 

luscs, however, are macrophagous herbivores or carnivores 

that feed on large pieces of organic material. These have radi- 

cally different, simpler digestive systems in which sorting min- 

eral and organic particles is not necessary. 

The gut consists of the foregut, midgut, and hindgut. The 

foregut (mouth, buccal cavity, pharynx) and hindgut (rec- 

tum, anus), as ectodermal derivatives, are lined by cuticle, but 

the midgut (esophagus, stomach, digestive ceca, intestine) is 

endodermal and unlined. 

The mouth is anterior and opens into a cuticularized buc- 

cal cavity. The radular apparatus lies in the floor of the buccal 

cavity and includes the radula itself; the connective tissue 

odontophore, which supports the radula; and the complex of 

muscles that operate the radula and odontophore (Fig. 12-2). 

The radular sac is a ventral evagination of the floor of the buc- 

cal cavity. It secretes and contains the radula, which is a flexi- 

ble, longitudinal ribbon of transverse rows of tiny chitinous 

teeth (Fig. 12-2, 12-41). The radula is unique to molluscs and is 

present in all taxa except the bivalves, where it has been second- 

arily lost, presumably because it has no function in these 

filter-feeding animals. Its teeth are composed of a-chitin and 

tanned proteins that are sometimes hardened by iron or sili- 

con compounds. The teeth are in transverse rows and exhibit 

a variety of shapes adapted for the food utilized by various taxa 

(Fig. 12-40, 12-41, 12-42). Although its original function was as a 

scraper for microphagous browsing, it has been adapted for use 

in a variety of feeding modes and its morphology varies 

accordingly. 

The radula is supported by and sits on top of thick rods 

of firm connective tissue known as the odontophore (odonto = 

tooth, phore = to carry). The odontophores of most molluscs 

are said to be chondroid (cartilage-like), although they differ 

chemically and histologically from vertebrate cartilage. 

The odontophore and radula are equipped with numerous 

protractor and retractor muscles whose function is to move 

the odontophore and radula anteriorly and posteriorly (Fig. 

12-2A-C). During feeding, the odontophore protractor mus- 

cles pull the odontophore anteriorly, causing it to protrude 

slightly from the mouth in a position close to the substratum 

on which the animal wishes to feed (Fig. 12-2B). The radula, 

resting atop the odontophore, is thus moved into the feeding 

position. Next the radular protractor and retractor muscles con- 

tract alternately to move the radula forward (Fig. 12-2B), then 

backward (Fig. 12-2C), over the odontophore. This moves the 

radula against the substratum, like a woodworker’s rasp. The 

recurved radular teeth cut into the substratum and scrape away 

algae on the return (backward) stroke (Fig. 12-2D). Algae and 

accompanying mineral particles are pulled into the buccal 
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cavity by this stroke. The odontophore is returned to its resdng 

position by contracdon of the odontophore retractor muscles. 

When at rest within the radular sac the lateral margins of the 

radula tend to roll up, but as the odontophore is projected out 

of the mouth over the substratum, the changing tension causes 

the radular belt to flatten as it bends around the odontophore 

dp. The flattening in turn brings about the erecdon of the teeth. 

You could imitate the acdon of a radula by pressing your lips 

against a surface (a Popsicle, perhaps) with your mouth slighdy 

open and then licking the surface repeatedly with your tongue. 

The radular teeth are secreted by epithelium at the poste- 

rior end of the sac. The radula grows anteriorly from this tis- 

sue, so the most-anterior teeth are the oldest and consequendy 

the most worn from abrasion against rocks and mineral parti- 

cles. The worn, distal teeth are shed and replaced with fresh 

teeth as the radula grows anteriorly. The radula grows at a rate 

of one to dve rows of teeth per day. 

One or more pairs of salivary glands secrete mucus into the 

buccal cavity (Fig. 12-2A). The mucus mixes with the food and 

mineral particles in the buccal cavity to form a mucous string 

that can be transported posteriorly by cilia. The esophagus 

exits the posterior buccal cavity and extends to the stomach. 

Cilia lining the esophagus and stomach move the mucous 

string, with its trapped food and mineral particles, posteriorly 

into the stomach. 

The stomach of the generalized mollusc is a pear-shaped 

sac in the anterior visceral mass. The esophagus enters at its 

anterior, expanded end and the intestine exits at its narrow, 

tapered, posterior end (Fig. 12-3). A pair of extensive, highly 

branched digestive ceca (also called digestive glands, liver, 

digestive diverticula, or hepatopancreas) connects by ducts 

with the anterior region of the stomach. Digestive enzymes are 

secreted by the gastrodermis of the digestive ceca and trans- 

ported to the stomach, where extracellular digestion occurs. 

Absorption occurs in the digestive ceca, as do phagocytosis, 

intracellular digestion, and storage. Digestive ceca are present 

in all eumolluscan taxa, but are absent in Aplacophora. 

The epithelium of the anterior stomach is partly lined by 

a chitinous gastric shield and bears a sorting field of ciliated 

ridges and grooves (Fig. 12-3). The gastric shield protects the 

stomach gastrodermis from abrasion whereas the sorting field 

separates indigestible mineral particles from nutritious organic 

particles. 

The posterior end of the stomach is the narrow, ciliated 

style sac. A long, deep intestinal groove extends from the 

sorting field posteriorly through the style sac to the intestine. 

It is flanked by two ciliated ridges, the major and minor 

typhlosoles, that extend from the sorting field to the opening 

of the intestine at the posterior end of the sac. 

In the stomach and style sac, mucus and embedded fecal 

particles form a stiff mass known as the protostyle, or fecal 

rod (Fig. 12-1 A). (A crystalline style composed of digestive 

enzymes, rather than mucus, is present in some conchiferans, 

most notably the bivalves and some gastropods.) The proto- 

style is rotated by the cilia of the style sac. Rotation of the pro- 

tostyle helps pull the mucous string through the esophagus 

into the stomach, where it is wound into the anterior end of 

the protostyle. The acidity (pH = 5 to 6) of the stomach low- 

ers the viscosity of the mucus and frees particles from its grip. 

Freed particles are swept away from the protostyle onto the 

sorting field, the ciliated ridges and grooves of which grade 

them by size. Large organic particles tend to be sent to the 

digestive ceca for digestion, and smaller mineral particles 

become incorporated in the protostyle, although the sorting 

process is far from perfect. Contractions of circular muscles 

periodically pinch fecal pellets from the posterior end of the 

protostyle into the intestine. The stomach of macrophagous 

molluscs lacks the sorting equipment, style sac, gastric shield, 

and protostyle, and is usually a simple sac. 

The long, coiled intestine is not involved in digestion and 

materials entering it are wastes destined for defecation. Its 

function is the modification and storage of fecal pellets. The 

anus is located dorsally in the mantle cavity, in the exhalant 

current, where fecal pellets can be swept from the mantle cav- 

ity without fouling the gills (Fig. 12-1 A). 

COELOM 
The reduced coelom of molluscs, although small, retains many 

of its ancestral functions and is still an important space. Its origi- 

nal function as a skeleton has been assumed by the hemocoel 

and shell, but it continues to be an integral component of the 

excretory and reproductive systems. The molluscan coelom is 

the pericardial cavity and gonocoel, which contain the heart 

and gonad, respectively (Fig. 12-1 A). A short segment of the 

posterior intestine passes through the pericardial cavity. 

INTERNAL TRANSPORT 
The hemal system of the generalized mollusc consists of a heart, 

a dorsal aorta, blood vessels, blood (hemolymph), and a hemo- 

coel (Fig. 12-1A). The blood contains amebocytes as well as 

the respiratory pigment hemocyanin. The hemal system, which 

lacks a cellular lining, lies in the connective-tissue compartment 
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in the spaces between the basal laminae of the major epithelia, 

namely the epidermis, mesothelium, and gastrodermis. 

The heart consists of one or more pairs of atria (auricles), 

which receive oxygenated blood from the gills via the efferent 

branchial vessels. The atria empty into the median unpaired, 

muscular ventricle, which is continuous with the aorta. The aorta 

branches into smaller arteries that deliver blood to the sev- 

eral hemocoelic sinuses or, rarely, capillary beds. The major 

sinuses are in the head, foot, and visceral mass. Blood bathes the 

tissues in and around the sinuses and then returns to the heart 

after passing over the nephridia and through the gills (Fig. 

12-52). Blood is delivered to the gills by the afferent branchial 

vessels. Such a system is sometimes characterized as “open,” 

meaning that arterial outflow and venous return are connected 

by large sinuses. In contrast, a “closed” hemal system, such as that 

of annelids, has small capillaries connecting arteries and veins. 

EXCRETION 
Excretion in molluscs is accomplished by the heart-kidney 

complex, which is derived from and functions like the hemal- 

coelom-metanephridial system of other coelomate animals. In 

the generalized mollusc there is a pair of metanephridia (kid- 

neys, or nephridia) with their nephrostomes opening from 

the pericardial cavity (coelom) and their nephridiopores into 

the exhalant chamber of the mantle cavity (Fig. 12-1 A). In spe- 

cific molluscs the number varies, but usually there is either 

one pair or a half-pair. 

In most molluscs, the kidney is a large sac with thick secre- 

tory and absorptive walls surrounded by blood in the visceral 

sinus of the hemocoel, with which it exchanges materials. The 

connection with the pericardial cavity is the renopericardial 

canal (Fig. 12-52), whose opening from the pericardial cavity 

is the nephrostome. Podocytes in the walls of the atria make 

possible the formation of an ultrafiltrate (primary urine) in 

the pericardial cavity. The primary urine enters the nephro- 

stome and travels through the renopericardial canal to the 

nephridium, where it is modified by secretion and absorption to 

and from the surrounding blood in the visceral sinus. The 

nephridial epithelium reabsorbs valuable materials from the 

urine and returns them to the blood while simultaneously secret- 

ing toxins and wastes from the blood into the urine. The final, 

modified urine leaves the kidney via the nephridiopore and 

enters the exhalant current of the mantle cavity. 

NERVOUS SYSTEM AND SENSE 
ORGANS 
The molluscan central nervous system consists of several 

pairs of ganglia, some of which are associated with an 

esophageal nerve ring, and two pairs of longitudinal nerve 

cords (Fig. 12-17A). A ganglion, or neuromere, consists of a 

cortex of cell bodies and a medulla of axons known as the 

neuropil. The ganglion is enclosed in a connective-tissue 

capsule. Ganglia are connected to sensory receptors by affer- 

ent, or sensory, neurons and to muscles or endocrine organs 

by efferent, or motor, neurons. 

The cerebral ganglia (brain) receive sensory nerves from 

the eyes, tentacles, and statocysts (Fig. 12-1 / A). They are linked 

by connectives with the pedal, buccal, and pleural ganglia. The 

buccal ganglia are located in the buccal mass and innervate the 

muscles of the radula and odontophore. Motor nerves from 

the pedal ganglia innervate the foot muscles. The pleural gan- 

glia innervate the mantle. 

The ganglia of any given pair are connected to each other 

by a commissure, whereas the ganglia of different pairs are 

joined by connectives. In general, commissures are transverse 

and connectives are longitudinal. Connectives and commis- 

sures are usually named for the ganglia they connect. For 

example, the two cerebral ganglia are connected by the cere- 

bral commissure whereas the cerebral and pedal ganglia are 

linked by the cerebropedal connective. Most paired ganglia are 

joined by a commissure, but the two pleural ganglia are not. 

The pleural and pedal ganglia are joined by a pair of connec- 

tives. Another pair of connectives, the visceral nerve cords, exit 

the pleural ganglia and extend posteriorly to the visceral gan- 
glia, which innervate the organs of the visceral mass. A pair of 

esophageal (the intestinal, or parietal) ganglia occur on the vis- 

ceral cords. The esophageal ganglia supply the gills, osphra- 

dium, and mantle. 

The cerebral and pedal ganglia along with their connec- 

tives and commissures form the circumesophageal nerve ring 
(Fig. 12-1 A). A pair of pedal nerve cords extends from the 

pedal ganglia into the foot (Fig. 12-1 A), and the two visceral 

nerve cords run from the nerve ring to the visceral ganglion. 

Because there are four nerve cords, the system is said to be 

tetraneurous. In primitive molluscs there are transverse con- 

nections between the nerve cords, and the system is ladderlike. 

Molluscs exhibit a strong tendency to cephalize the nervous 

system by shortening connectives and commissures to bring all 

ganglia close together in the vicinity of the nerve ring. 

The typical molluscan sense organs include chemomech- 

anoreceptive cephalic tentacles on the head, a pair of eyes on 

the head, a pair of statocysts in the foot, and a pair of osphra- 

dia in the inhalant chamber of the mantle cavity. In many 

molluscs there are sensory tentacles on the mantle margins. 

REPRODUCTION 
The generalized mollusc is gonochoric with external fertil- 

ization in the sea. A pair of gonads is closely associated with 

the pericardial cavity (coelom). Gametes are shed by the 

gonads into the coelom. They enter the nephrostomes of the 

nephridia, which serve as gonoducts, and exit via the nephridio- 

pore into the exhalant chamber of the mantle cavity. They are 

carried into the sea by the exhalant current. In some molluscs 

there are separate gonoducts independent of the nephridia. 

Fertilization is internal in many molluscs, and some are her- 

maphroditic. Both hermaphroditism and internal fertilization 

require elaboration of the reproductive system. 

DEVELOPMENT 
Spiral, holoblastic cleavage is a feature of the generalized mol- 

lusc. The developing blastula bears the characteristic molluscan 
cross of cells at its animal pole (Fig. 14-15C). Gastrulation is by 

invagination in species with small, microlecithal eggs and by epi- 

boly in species with large, yolky eggs. The blastopore becomes 

the mouth. Mesoderm arises from the 4d mesentoblast cell, 
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which divides to produce right and left mesodermal bands, 

and these cavitate to produce the coelom by schizocoely. The 

gastrula develops into a trochophore larva, which in primidve 

molluscs is the hatching stage. In most species, however, the 

trochophore is suppressed and a later stage, often a veliger, 
hatches. Some molluscs have yolky eggs and direct development. 

Development is similar to that of other spiralians. 

Trochophore Larva 
The trochophore is the characteristic larva of molluscs, 

annelids, sipunculans, echiurans, and many other proto- 

stomes (Fig. 12-4). A hallmark of this top-shaped larva is a 

conspicuous preoral girdle of cilia, the prototroch, that encir- 

cles the body near its middle, but anterior to the mouth. The 

gut is a complete tube with the mouth opening ventrally just 

posterior to the prototroch and the anus at the posterior end. 

Additional rings of cilia are often present. In many molluscs, 

polychaetes, and sipunculans a second ciliary girdle (this one 

post-oral), the metatroch, develops just posterior to the 

mouth. In some taxa a third ring, the telotroch, is found at 

the posterior end. An apical tuft of cilia is located at the ante- 

rior end. Internally, the blastocoel persists as a large, gelati- 

nous connective-tissue layer between the gut and the outer 

ectoderm (Fig. 12-4B). Larval muscle bands cross the blasto- 

coel and a pair of protonephridia form, one on each side of 

the gut. The adult mesodermal structures develop from a pair 
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of ventrolateral mesodermal bands. The rosette cells of the 

molluscan cross differentiate into an anterior ectodermal api- 

cal plate, from which arises the apical tuft. The cerebral 

ganglia develop from the apical plate. The cross cells, along 

with other cells, form the pretrochal epidermis. 

A fully developed trochophore consists of three regions. The 

pretrochal region consists of the apical plate, prototroch, and 

the area surrounding the mouth. The pygidium is the region 

consisting of the telotroch and the area around the anus. The 

growth zone lies between the mouth and the telotroch. New tis- 

sue is added by proliferation of cells in the mesodermal bands 

so that the pretrochal region and pygidium are pushed farther 

apart as the animal grows. 

Trochophores are usually planktonic and feed on tiny sus- 

pended particles, living or dead. Such larvae are planktotrophic 

and typically have long planktonic lives. Alternatively, some 

trochophores depend on yolk, and are lecithotrophic and 

usually have a short planktonic life. The prototroch is the 

swimming organ and, in planktotrophic species, is also 

responsible for collecting food particles. A food groove (Fig. 

12-4C) lies between the prototroch, which is preoral, and 

the metatroch, which is post-oral. The longer cilia of the 

prototroch drive water and suspended particles posteriorly. 

The shorter cilia of the metatroch beat at right angles to the 

prototroch and particles are driven ventrally into the food 

groove between the two ciliary bands and transported to the 

mouth. 

The trochophore (Fig. 12-4D) is followed in the develop- 

ment of many living molluscs by a more advanced stage, the 

veliger larva, as is found in gastropods (Fig. 12-60), bivalves 

(Fig. 12-12IB), and scaphopods (Fig. 12-123C). The hatching 

stage may be the trochophore or the veliger if the tro- 

chophore is suppressed in the egg. The veliger has a foot, 

shell, and two lateral ciliated lobes together called the velum, 

with which it swims and feeds. The ciliated velum develops 

from the prototroch of the trochophore. At the end of larval 

life, it settles to the bottom and metamorphoses into a benthic 

adult. Some molluscs, such as the cephalopods and many gas- 

tropods, have macrolecithal eggs and direct development, 

without a larva (Fig. 12-87). 

APLACOPHORAc  
Aplacophora (Fig. 12-5) consists of two taxa, Neomeniomor- 

pha, and Chaetodermomorpha, of about 300 species of small, 

strange, wormlike marine molluscs. Aplacophorans are usually 

less than 5 mm in length, but some reach 30 cm. They differ 

from all other molluscs in the presence of calcareous spicules 

instead of a shell, in the absence or reduction of the foot, and 

in the cylindrical, wormlike shape of the body. The mantle cav- 

ity is posterior. A radula is present in most species. They exhibit 

many characteristics of the generalized mollusc (radula, ner- 

vous system, gonocoel-pericardial connection, mantle and 

mantle cavity), but in some respects are specialized (cylindrical 

body, reduction of foot). They are not ancestral to other 

molluscs and are probably an early offshoot from the stem mol- 

luscs (Fig. 12-125). 

Aplacophorans are found in all oceans to depths of 7000 m 

and most are found between 200 and 3000 m. Most specimens 

have been collected by dredging in deep water, but some 

occur in shallow coastal or even intertidal waters. Their biol- 

ogy is still little known. 

FORM 
The dorsal body wall is the mantle, which extends laterally to 

cover the entire animal except for the foot, if present. The 

mantle epidermis secretes a glycoprotein cuticle that contains 

embedded calcareous (aragonite) spicules of various shapes. 

Unlike in other molluscan taxa, a shell is absent. A connective- 

tissue dermis lies below the epidermis. Successive layers of 

circular, oblique, and longitudinal muscles lie beneath the 

dermis. The body cavity, or hemocoel, is adjacent to the 

innermost (longitudinal) muscle layer. 

The foot, when present, is a longitudinal fold (sometimes 

multiple folds) filled with the pedal hemocoel. Its epithelium 

is ciliated and it is not lined with cuticle. It is not muscular 

and locomotion is ciliary. The foot lies in the pedal groove, 

which is lined by cuticle. 

The mantle cavity is posterior (Fig. 12-5A) and contains the 

anus and the openings of the gonoducts (coelomoducts). In 

chaetodermomorphs, it contains a pair of bipectinate gills. The 

gill epithelium, like that of the mantle cavity, is ciliated, and 

afferent and efferent vessels enter and leave the gills. Under 

normal circumstances the gills protrude from the mantle cavity 

(Fig. 12-5B), but they can be withdrawn by retractor muscles. In 

neomeniomorphs, the mantle epithelium is folded to form sec- 

ondary gills (respiratory papillae) that are not true gills. 

The gut consists of the mouth, cuticularized buccal cavity, 

esophagus, midgut, intestine, rectum, and anus. The buccal 

cavity usually contains a radula and the anus is in the mantle 

cavity. There may be a large digestive cecum. In about 20% of 

neomeniomorphs, the radula is absent and instead the buccal 

cavity functions as a sucking pump. Some derived chaetoder- 

momorphs have a style sac, gastric shield, and rotating mucous 

protostyle. 

The hemal system includes a posterior heart similar to that 

described for the generalized mollusc. The ventricle forms 

as an invagination of the dorsal pericardium and usually 

remains attached to it by a membrane. The hemocoel is 

divided into a dorsal perivisceral hemocoel and a ventral 

pedal hemocoel by a longitudinal, muscular, horizontal sep- 

tum. The pedal hemocoel is present in all Aplacophora, even 

if there is no foot. 

The excretory system is poorly known. There are no recog- 

nizable nephridia, but podocytes occur on the pericardial 

wall. Presumably the system operates as it does in other mol- 

luscs (and annelids). If so, an ultrafiltrate of the blood would 

be formed in the pericardial cavity and modified as it passed 

through the renopericardial ducts to the mantle cavity, where 

the final urine would be released. Some epidermal gland cells 

are suspected of having an excretory function. 

The nervous system is ladderlike. There is a pair of cere- 

bral ganglia dorsal to the anterior gut. These connect with 

two pairs of longitudinal nerve cords, the lateral visceral 

nerves and the ventral pedal nerves, which extend the 

length of the body and are connected with each other by 
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FIGURE 12-5 External anatomy of aplacophoran molluscs. A, A neomeniomorph. B, A cnaetodermomorph. 

(Redrawn and modified from Salvini-Plawen, L. V 1972. Zur Morphologie und Phylogenie der Mollusken: Die Beziehungen 

der Caudofoveata und der Solenogastres als Aculivera, als Mollusca und als Spiralia. Z. wiss. Zool. 184:205-394) 

commissures. The cords of the right and left sides connect 
via a suprarectal commissure that arches over the posterior 

gut. A posterior chemoreceptive dorsoterminal sense organ 

is a characteristic feature of the aplacophoran sensory sys- 

tem. It has been suggested, but not demonstrated, that it is 

homologous to the osphradium of the other molluscan taxa. 
In the neomeniomorphs the mucus-secreting, ciliated pedal 

pit has a sensory function and there is also a dorsofrontal 

sensory pit above the mouth. In the chaetodermomorphs, 
an oral shield surrounds the mouth. This ring of mantle epi- 

dermis and thickened cuticle is penetrated by sensory cilia. 

The oral shield is innervated by the cerebral ganglia. 

The gonads are paired and release their gametes directly 

into the pericardial cavity (coelom) via gonopericardial ducts. 

The pericardial cavity is connected with the mantle cavity by a 

pair of elaborate coelomoducts (gonoducts). This condition 

probably is primitive for the molluscs. Most aplacophorans 

ait hermaphroditic, but chaetodermomorphs are gonochoric. 

Eggs may be letained, in which case development is direct, or 

spawned, whereupon a lecithotrophic larva latches from the 
egg- 

DIVERSITY OF APLACOPHORA 
NeomeniomorphasC (Solenogastres; Fig. 12-5A): The 

larger taxon. Reduced foot consists of midventral ridge in 

a longitudinal groove. Pedal pit present at anterior end 

of foot. Gills lost. Creep over hydroids and alcyonarian 

corals or across the sea bottom by using their narrow foot. 

Carnivores feed on the cnidarians on which they live. Her- 

maphroditic. Seminal receptacles, seminal vesicles, copula- 
tory spicules are present. Copulation with internal fertiliza- 

tion. 25 families. Eleutheromenia, Lyratoherpia, Neomenia. 

ChaetodermomorphasC (Caudofoveata; Fig. 12-5B): Small 
taxon of three families. Foot completely lost. A pair of gills in 

the posterior mantle cavity. Oral shield partly or completely 

encircles the mouth. Selective deposit feeders or carnivores 

burrowing in soft substrates. Gut with a digestive cecum. 

Gonochoric. Fertilization probably external. Chaetoderma, 

hpimenia, Falcidens, Limifossor, Scutopus. 

POLYPLACOPHORAc  
Members of Polyplacophora are chitons, or coat-of-mail mol- 

luscs (Fig. 12-6) found only in the sea. Although some features 

of their structure and development are primitive, chitons are 

highly adapted for a life adhering to rocks and shells. Many 

live in shallow coastal waters, where they cling tenaciously in 

powerful surf and surge. About half of modern species live 

in the intertidal or shallow subtidal zones. Other species are 

found in deeper, quieter water. The elongate, oval body is 

strongly depressed dorsoventrally (Fig. 12-7). Chitons are dis- 

tinctive in having a shell composed of eight overlapping 

plates, which permits flexibility in conforming to the shape of 

the inegular, rocky suostratum. Chitons lack cephalic eyes or 

tentacles and the head is poorly developed and indistinct. The 

mantle is thick and the foot is broad and flat to facilitate adhe- 

sion to hard substrates. 

Approximately 800 extant species are known, but the fossil 
record is sparse. Some 350 fossil chitons are described, begin- 

ning at least by the Ordovician and perhaps as early as the 

Cambrian. Polyplacophora is the sister taxon of Conchifera 

and in Linnean classifications is ranked as a class. 

Chitons range in size from 3 mm to 40 cm, the largest being 

the giant Pacific gumshoe chiton, Cryptochiton stelleri (Fig. 12-7A). 

Most species, however, are 3 to 12 cm in length. Chitons typically 

are drab shades of red, brown, yellow, or green. 

MANTLE 
The mantle covers the entire dorsal surface of a chiton and 

secretes a thin glycoprotein cuticle. The mantle is a thick, stiff, 

heavy dorsal layer extending to the lateral margins of the body 

and partially (or entirely) covering the shell valves. It extends 

well beyond the lateral margins of the valves to overhang the 

lateral mantle cavity (Fig. 12-8A). The lateral portion of the 

mantle, peripheral to the valves, is sometimes referred to as 

the girdle. The cuticle may be smooth or bear scales, bristles, 

or calcareous spicules similar to those of the Aplacophora 

(Fig. 12-6C). 
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ANTERIOR 

FIGURE 12-6 Polyplacophora. A, Common American Atlantic coast chiton Chaetopleura apiculata, which is only 
a few centimeters long. B, Representative valves of Katharina, numbered from anterior to posterior. The inter- 
mediate valves 2 to 7 are similar to 4. C# A chiton with spicules in the girdie. (A, Redrawn after Pierce, M. E. 1950, 
Chaetopleura apiculata. In Brown, F. A. (Ed): Selected Invertebrate Types. John Wiley and Sons, New York. pp. 318-319; 
C, After Borradaile, L. A., and Potts, F. A. 1959. The Invertebrata: A Manual for the Use of Students. Cambridge, 795 pp.) 

FIGURE 12-7 Polyplacophora. A, Two species of chitons from the northwest Pacific coast. The valves of the 
larger species (Cryptochiton) are completely covered by the mantle; those of the smaller species (Katharina) are 
partially covered. B, The West Indian chiton Chiton tuberculatus exposed on rocks at low tide. 

SHELL 
By far the most distinctive feature of a chiton is its shell, which 

is divided into eight overlapping transverse shell valves, or 

shell plates (Fig. 12-6A). Polyplacophora means “bearer of 

many plates.” Except for the overlapping posterior edge, the 

margin of each valve is embedded deeply in mantle tissue, but 

the extent of coverage varies among different species. Typi- 

cally, most of the valve width is exposed (Fig. 12-6A). In Katha- 

rina, however, only the midsection of each valve is uncovered, 

and in the exceptional Cryptochiton, the shell is completely cov- 

ered by the mantle (Fig. 12-7A). The posterior edge of each 

valve overlaps the anterior edge of the valve posterior to it. 

A large, winglike insertion plate (Fig. 12-6B) extends laterally 

and anteriorly from each valve into the surrounding mantle 

and underneath the preceding valve to anchor the shell 

securely. A pair of strong, double pedal retractor muscles 

extends from the foot to each of the valves. (Monoplacoph- 

orans also have eight pairs of pedal retractor muscles, but 

theirs are attached to an undivided shell.) 

Each valve consists of four layers. The outermost, exposed 

layer is the thin organic periostracum. Under it lies the tegmen- 

tum (Fig. 12-6B), composed of the protein conchiolin plus cal- 

cium carbonate. The tegmentum contains sense organs known 

as esthetes and the neurons that serve them. It is probably a 

derived feature that is not homologous with any part of the 

conchiferan shell. The articulamentum is a purely calcareous 
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FIGURE 12-8 The chiton Lep,dochitona cinerea. A. A ventral view showing the pallial groove and direction 
of the respiratory water currents. The arrows show water entering through the two anterolateral inhalant 

apertures and exiting through the single median, posterior exhalant aperture. B. Transverse section through 

^ “WS 7 Te d
'reC,i0n °f W3,er CUrrent 0ver ,he filament surface- c' A lateral view showing the d ge tive tract, hemal system, excretory system, and nervous system. (A and B, Redrawn after Yonge, C. M. 1939. 

hi the mantle cavity and its contained organs in the Loricata. Quart. J. Micro. Sci. 81:367-390.) 

(aragonite) layer that lies under the tegmentum in the center 
of the valve but extends laterally free of the tegmentum to form 

the insertion plates (Fig. 12-6B). A second calcareous layer, the 

hypostracum, lies under the articulamentum. The tegmentum 
covered by the periostracum, is the only part of the valve visible 

externally. The articulamentum is hidden either by the tegmen- 
tum or the mantle. The insertion plates consist of articulamen- 

turn and hypostracum, but no tegmentum. 

FOOT AND LOCOMOTION 
The broad, flat, muscular foot occupies most of the ventral 

sui face and is used for locomotion and for adhering to the 

substratum (Fig. 12-8A), which is usually rock or shell. Chitons 
use waves of muscular contraction to creep very slowly over 

the substratum. The division of the shell into articulating 

valves enables chitons to conform to an irregularly curved 

surface of almost any topography. If accidentally dislodged, 
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chitons can use a pair of longitudinal enrollment muscles to 

loll into a ball, and although this may be a defense mecha- 

nism, it also enables the animal to right itself and reattach the 

foot to the substratum. 

The animal adheres to its substratum using both foot and 

mantle. Under normal circumstances only the foot is used, but 

when threatened or otherwise disturbed, the mantle is brought 

into play. A chiton forewarned is almost impossible to remove 

from a rock without damaging the animal, so tenaciously does 

it adhere when both foot and mantle are employed. When in 

use, the outermost margin of the mantle is brought into con- 

tact with the substratum, and the inner margin is elevated 

slightly. This creates a suction that enables the animal to tightly 

grip the substratum. 

Chitons are common rocky intertidal inhabitants and, like 

limpets, most species are motionless at low tide. When the rock 

surface is submerged or splashed, they move about to feed. 

They are usually negatively phototactic and thus tend to posi- 

tion themselves under rocks and ledges. They are most active 

at night if they are submerged by the tide. Like limpets, some 

species exhibit homing behavior. 

MANTLE CAVITY AND VENTILATION 
The mantle cavity is lateral and consists of a ventral groove 

on each side of the body between the foot and the mantle 

(Fig. 12-8A). The two lateral cavities are continuous posteri- 

orly. Each mantle cavity contains multiple gills, a gonopore, 

and a nephridiopore. The anus is situated medially in the 

area where the two lateral cavities join posterior to the 

foot. Each mantle cavity contains a longitudinal row of 6 to 

88 ciliated, bipectinate gills. The number of gills is variable 

between and within species, depending, in part, on the size 

of the chiton. 

The row of bipectinate gills forms a curtain that divides the 

mantle cavity into a lateral inhalant chamber and a medial exhal- 

ant chamber (Fig. 12-8A). On each side of the body an anterior 

area of girdle can be lifted from the substratum to form an 

inhalant aperture. The respiratory current, generated by the gill 

cilia, is pulled into the mantle cavity (Fig. 12-8A) through this 

opening. The water flows posteriorly in the inhalant chamber 

and then passes through the curtain of gills into the exhalant 

chamber. Gas exchange between water and blood occurs as the 

water flows between the gill filaments. Once in the exhalant 

chamber, the water continues to flow posteriorly, being pushed 

by the gill cilia. At the posterior end of the foot, the right and 

left exhalant currents coalesce on the midline and flow out of 

the mantle cavity via a single, median exhalant aperture. The 

structure, ciliation, ventilation, and blood flow of the gills are 

similar to those of the generalized mollusc (12-8B). 

NUTRITION 
Most chitons are microphagous browsers that feed on fine algae 

and other organisms that they scrape with the radula from the 

surface of rocks and shells. This is probably the ancestral mol- 

luscan feeding mode and the original function of the radula. 

The scraping of the radula indiscriminately removes algae and 

associated animals, along with an abundance of sediment parti- 

cles that have accumulated in the interstices among the algae. 

For example, the gut contents of three chitons from the Maine 

coast included 14 algal and animal species, but about 75% of its 

volume was sediment. 

Some chitons are macroherbivores that feed on larger 

algae (seaweeds), and one taxon, Placiphorella, on the west- 

ern coast of the United States, is a carnivore that uses its 

raised and flaring anterior mantle to trap small crustaceans 

and other invertebrates. A few chitons are detritivores. The 

intertidal species Nuttallina californica, on the southern Cali- 

fornia coast, excavates and inhabits deep depressions in the 

rock substratum. The chiton never leaves its depression, 

which it uses to collect the seaweed detritus upon which it 

subsists. Successive generations inhabit the same depres- 

sions, which in some cases are estimated to be a thousand 

years old. 

The mouth opens into the chitin-lined buccal cavity (Fig. 

12-8C). A long radular sac that projects posteriorly from the 

back of the buccal cavity contains the radula. The radula 

(Fig. 12-8C), which is very long compared to that of other 

molluscs, bears 17 teeth in each transverse row. Some of 

these teeth are mineralized to harden them and increase 

their usable life span. Some are capped with magnetite, an 

iron-containing mineral. The great length of the radula and 

its hardened teeth are both adaptations to the wear imposed 

by almost continuous scraping against the surface of rocks. 

The radula is supported by an odontophore ventral to it, as 

was described for the generalized mollusc. The subradular 

sac is a smaller evagination of the buccal cavity ventral to the 

radula. It contains the tonguelike, chemosensory subradular 

organ. The radula, odontophore, and subradular organ are 

all equipped with protractor and retractor muscles and can 

be extended and retracted from the mouth at will. 

During feeding, the subradular organ is protruded and 

pressed against the rock. If it detects food, the odontophore 

and the radula are extended from the mouth and the radula 

scrapes the surface of the rock, as described for the general- 

ized mollusc. Periodically, scraping ceases as the subradular 

organ again tests the substratum. 

The scrapings are pulled into the buccal cavity by the 

recurved teeth of the radula on each return stroke (Fig. 

12-2C,D). Mucus is secreted into the buccal cavity from a pair 

of salivary glands (buccal glands) and mixed with the parti- 

cles to form a food string that cilia continuously propel pos- 

teriorly into the esophagus. The string is moved through the 

esophagus to the stomach (Fig. 12-8C). During this passage, 

the food particles are mixed with amylase from a pair of 

large esophageal glands (sugar glands, or pharyngeal glands) 

whose ducts open into the anterior esophagus. 

The esophagus empties into the anterior stomach, where 

the food is mixed with proteolytic enzymes from the digestive 

cecum. The style sac typical of conchiferans is absent. Diges- 

tion is almost entirely extracellular and takes place in the 

digestive cecum, stomach, and anterior intestine. 

The anterior intestine makes a loop and then joins a large, 

coiled posterior intestine, where fecal pellets are formed. The 

two regions of the intestine are separated by a valve. The anus 

opens at the midline just beyond the posterior margin of the 

foot and the egested fecal pellets are swept away by the exha- 

lant current (Fig. 12-8A). 
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INTERNAL TRANSPORT 
The pericardial cavity (coelom) is posterior, located under 

shell valves 7 and 8, and large (Fig. 12-8C). It is enclosed by the 

pericardium (Fig. 12-9A). The coelom contains the heart, 

which consists of a median ventricle and one pair of lateral 

atria. A median dorsal aorta exits the anterior end of the ven- 

tricle and leads to the hemocoel of the head after giving off 

paired lateral channels along the way. The hemocoel is divided 

into sinuses connected by channels that may be well defined 

and lined with connective tissue (but lack an endothelium). 

Blood from the efferent vessels of the gills drains into the 

atria and then passes to the ventricle, which pumps it to the 

hemocoel. Unlike aplacophorans, chitons have no connection 

between the gonad and the pericardial coelom. 

EXCRETION 
The excretory organs are two very large, glandular, and secretory 

nephridia situated laterally in the hemocoel (Fig. 12-9A). Each 

connects with the pericardial cavity by a renopericardial canal. 

Each nephridium opens via a nephridiopore in the exhalant 

chamber of the posterior mantle cavity (Fig. 12-8A) to release 

the final urine. Urine formation is as it was described for the 

generalized mollusc. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The nervous system (Fig. 12-9B) is like that of aplacophorans 

except that ganglia are absent. A circumenteric nerve ring sur- 

rounds the anterior gut. The system is tetraneurous and ladder- 

like, with transverse runglike commissures connecting the four 

longitudinal cords. The nerve cords are a pair of ventral pedal 

nerve cords and a pair of lateral visceral nerve cords, proba- 

bly homologous to the similar cords of the aplacophorans. 

A suprarectal commissure arches over the gut to connect the 

right, and left lateral cords, as it does in aplacophorans. 

The chief sense organs are the subradular organ, mantle 

receptors, and the esthetes. Esthetes (also spelled aesthetes), 

which are unique to chitons, consist of groups of epidermal 

cells specialized for sensory reception, secretion, and sup- 

port (Fig. 12-10). Esthetes are both small (micresthetes, or 

microaesthetes) and large (megalesthetes, or macresthetes). 

They are housed in tiny epidermally lined vertical canals in 

the tegmentum of the valves. Each canal extends from the 

base of the tegmentum to terminate beneath a cap on 

the shell surface. The mantle epidermis extends into the 

shell to line the canals. Esthete densities of 1750 canals/mm2 

of exposed shell surface have been recorded for Lepidochi- 

tona cinerea. Although the structure of esthetes is well known 

and they have been well studied, their function remains dis- 

puted. They apparently are both sensory and secretory. In 

some chitons the esthetes include ocelli, which, because of 

their well-developed lenses and electrical response to photo- 

stimulation, are assumed to be photoreceptors. Several thou- 

sand ocelli may be concentrated on the anterior valves. 

Other sensory cells may be chemoreceptors or mechanore- 

ceptors. Secretory functions may include production of the 

periostracum, discouraging fouling or predation, or retard- 

ing desiccation. 

A variety of sensory receptors, including mechanoreceptors 

and photoreceptors, are associated with the mantle. A so-called 

osphradium is present in each mantle cavity, but in some 

species it is in the inhalant chamber and in others in the exha- 

lant chamber. 
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F!GUAE 127 Po|yPlacoPhora A, Internal structure of a chiton in dorsal view. B. Ladderlike nervous system of a chiton in dorsal view. (A, After Lang and Hath, B, After Thiele from Parker and Harwell, 1951) 
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FIGURE 12-10 Chiton esthetes. Section of shell showing esthete canals and surface terminations. The larger 

canal houses a megalesthete; the smaller, a micresthete. (Modified and redrawn from Boyle, P. R. 1974. The aesthetes 

of chitons. II. Fine Structure in Lepidochiton cinereus. Cell Tiss. Res., 153:383-398, and other sources.) 

REPRODUCTION AND DEVELOPMENT 
Almost all chitons are gonochoric. A single median gonad 

develops from paired embryonic gonads in the dorsal hemocoel 

anterior to the pericardial coelom. This is the same spatial rela- 

tionship between gonad and coelom as is seen in aplacophorans 

except that in chitons there is no connection between these two 

subdivisions of the coelom (Fig. 12-8C, 12-9A). The gametes are 

transported directly to the outside by two gonoducts (Fig. 12-8C, 

12-9A) and do not pass through either the pericardial cavity or 

the nephridia. A gonopore occurs in the exhalant chamber of 

the mantle cavity just anterior to the nephridiopore (Fig. 12-8A). 

Fertilization is external and there is no copulation. Instead, 

males release sperm into their exhalant respiratory' currents. 

The eggs, which are enclosed in a spiny envelope, are usually 

shed into the sea either singly or in strings. Fertilization occurs 

in the sea or within the mantle cavity of the female. The gre- 

gariousness of chitons makes fertilization by this mechanism 

feasible since the gametes need not disperse over large dis- 

tances. A lecithotrophic planktonic trochophore with ocelli, 

prototroch, mantle, shell gland, and foot emerges from the 

egg in most species (Fig. 12-11A). There is no veliger. In about 

30 species, the eggs are brooded in the mantle cavity of the 

FIGURE 12-11 Chiton larvae in lateral views. 

A, Trochophore of Ischnochiton. B, Metamorphic 

stage of Ischnochiton. (A and B, After Heath from 

Dawydoff) 
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female and development is direct. During development the 

post-prototrochal region elongates to become most of the 

body. A shell gland with seven regions develops on the dorsum 

and will secrete the valves (Fig. 12-1 IB). The seventh region 

divides to produce the seventh and eighth valves. The pro- 

totroch degenerates and the animal metamorphoses and 

settles to the bottom as a young chiton. The larval ocelli are 

retained for some time after metamorphosis. 

DIVERSITY OF POLYPLACOPHORA 
Paleoloricata0: Extinct. Shell plates lack articulamentum. 

Neoloricata0: All living chitons. Shell plates with articula- 

mentum. 

Lepidopleurinas0: Small, mostly deepwater chitons less than 

50 mm in length. Articulamenta lack or have poorly devel- 

oped insertion plates. Gills relatively few in number and 

confined to the posterior ends of the pallial grooves. Han- 

leya, Lepidopleurus. 

Ischnochitoninas0: Most chitons belong to this taxon. 

Much of the shell plate (tegmentum) is exposed. Chaeto- 

pleura, Chiton, Katharina, Lepidochitona, Mopalia, Nuttal- 

lina, Placiphorella. 

Acanthochitoninas0: Toothed insertion plates. Relatively 

small part, sometimes none, of tegmentum is exposed. Last 

(eighth) plate has large insertion plates. Acanthochitona, 

Cryptochiton, Cryptoconchus. 

MONOPLACOPHORAc  
The remaining molluscs constitute the monophyletic taxon 

Conchifera, consisting of Monoplacophora, Gastropoda, 

Cephalopoda, Bivalvia, and Scaphopoda (Fig. 12-125). These 

five taxa probably arose from a common ancestor similar to 

a monoplacophoran. 

Monoplacophorans resemble the generalized mollusc and 
are small, flattened, marine molluscs that inhabit deep water. 

Living representatives are 3 mm to little more than 3 cm long 

and are bilaterally symmetrical (Fig. 12-12). They were known 

from Cambrian to Devonian fossils but were thought to be 

extinct until 1952, when 10 living specimens of Neopilina 

galatheae were dredged from a deep ocean trench off the Pacific 
coast ot Costa Rica. Since this discovery, specimens belonging 

to about 20 species and three genera have been collected from 

waters 1800 to 7000 m deep in the northern and southern 

Atlantic, Indian, and eastern Pacific Oceans. The only known 

shallow-water species was found off the California coast at about 
200 m. The modern species are thought to be the remnants of 

a formerly large and abundant taxon of molluscs. 

As the name implies, monoplacophorans have a single 

bilaterally symmetrical shell that varies in shape from a flat- 

u IK d, shieldlike plate to a short cone. It is secreted by 

the mantle and its apex is directed anteriorly (Fig. 12-12B). 

The shell is composed of an outer organic periostracum 

made of the protein conchiolin, a middle ostracum, and an 

inner hypostracum. That these layers are like those of other 

conchiferans and unlike those of chitons supports the 

hypothesis that Polyplacophora and Conchifera arose from 

a shell-less common ancestor and evolved their shells inde- 

pendently of each other. 

The mantle cavity is a pair of lateral groovelike mantle cavi- 

ties separating the edge of the wide, flat foot from the mantle 

on each side (Fig. 12-12A). The two grooves coalesce posteri- 

orly. As in chitons, eight pairs of pedal retractor muscles 

extend from the foot to the inside surface of the shell. One of 

the most striking features of monoplacophoran anatomy is 

the serial repetition of organs in several systems, including the 

retractor muscles. The mantle cavity contains three, five, or six 

pairs of monopectinate gills (Fig. 12-12A,E). The respiratory 

current probably enters laterally and passes through the gills 

to the medial side of the mantle cavity and then posteriorly to 

exit, as in chitons. 

Monoplacophorans are microphagous browsers that feed 

on microorganisms and detritus on hard substrates. Examina- 

tion of stomach contents has revealed diatoms, foraminifer- 

ans, and sponge spicules. The mouth is located on the ventral 

midline anterior to the foot and the anus is in the mantle 

cavity at the posterior end of the body (Fig. 12-12A). The 

mouth opens into a cuticularized buccal cavity, which contains 

a radula and a subradular organ. The esophagus extends pos- 

teriorly from the buccal cavity to the stomach and contains 

a heavily ciliated food channel bordered by a pair of ridges. In 

most species a pair of enormous esophageal pouches opens 

from the anterior esophagus. The stomach may contain a style 

sac, protostyle, and gastric cecum. Two large digestive ceca 

(midgut glands) are broadly connected with the anterior end 

of the stomach. The long intestine exits the posterior stomach 

and lies coiled counterclockwise in the posterior hemocoel. 

The rectum connects the last loop of the intestine with the 

anus. 

The coelom consists of the gonocoels surrounding the 

gonads and the pericardial cavity surrounding the heart. There 

are three, four, six, or seven pairs of nephridia located laterally 

(Fig. 12-12D,E). Multiple pairs of nephridiopores open into 

the mantle cavity. The existence of renopericardial ducts con- 

necting the nephridia with the pericardial cavity is uncertain. 

The hemal system consists of a hemocoel and a heart in the 

posterior pericardial cavity (Fig. 12-12E). The rectum passes 

through the pericardial cavity and ventricle and divides both 

into right and left portions, although the halves remain con- 

tinuous. Two pairs of atria open into the ventricle. The two 

sides of the ventricle pump blood into a single dorsal aorta, 

which empties into the hemocoel. 

The tetraneurous nervous system resembles that of apla- 

cophorans and polyplacophorans (Fig. 12-12E). It consists of 

a pair of weakly developed cerebral ganglia, a circumenteric 

nerve ring from which emerges a pair of visceral nerve cords 

to the mantle lobe and a pair of pedal nerve cords to the foot. 

Transverse commissures connect the pedal and visceral nerves 

of each side and the visceral cords are connected posteriorly 

by a suprarectal commissure. The two pedal nerves are con- 

nected by anterior and posterior commissures to form a loop. 

The radular muscles are served by buccal ganglia. No eyes or 

osphradia are found in any monoplacophoran, but a large 

subradular organ is always present. A pair of statocysts lies 

beside the anterior pedal commissure. 

Almost all monoplacophorans are gonochoric, and two pairs 
of gonads are located in the middle of the body (Fig. 12-12E). 
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FIGURE 12-12 The monoplacophoran Neopilina. A, Ventral view. B, Dorsal view of shell. C, Side view. 

D, Transverse section through one half of the body showing the spatial relationship among the nephridia, 

coelom, gonad, and mantle cavity. E, Internal anatomy in ventral view. (Adapted from Lemche, H., and Wingstrand, 

K. G. 1959. The anatomy of Neopilina galatheae. Galathea Rep. 3:9- 71) 
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FIGURE 12-13 Monoplacophora. A, Reconstruction of an extinct 
cyclomyan monoplacophoran with an anteriorly coiled shell. Black areas 
indicate attachment scars of retractor muscles on shell. Arrows indicate 
possible ventilating current. B, Reconstruction of an extinct tergomyan 
monoplacophoran. (FromStasek, C. R. 1972. InFlorkin, M., and Scheer, 
B. T. (Eds.): Chemical Zoology. Vol. VII. Academic Press, New York. p. 21.) 

Each gonad is enclosed in a gonocoel and connects via a gono- 

duct to one of the middle nephriclia (Fig. 12-12D,E). Fertiliza- 

tion is assumed to be external because the anatomy of the repro- 

ductive system is not consistent with internal fertilization, there 

being no intromittent organ or seminal receptacles. Nothing is 

known of the development of these elusive deepwater animals. 

The survival of the few species of monoplacophorans is 

probably correlated with their living at great depths, where per- 

haps they escaped competition, predation, habitat change, or 

other forces that led to the extinction of other members 

of their taxon. Fossil monoplacophorans evolved along two 

lines. In the taxon Cyclomya, there was a lengthening of the 

dorsoventral axis of the body leading to a symmetrically coiled 

shell and a reduction in the number of gills and pedal retrac- 

tor muscles (Fig. 12-13A). Although they disappeared from the 

fossil record in the Devonian period, cyclomyans may have 

been ancestral to the gastropods and cephalopods, if those 

taxa arose from coiled ancestors. The other taxon, Tergomya, 

retained a flattened, uncoiled, limpetlike shell with five to 

tight paiis of retractor muscles and five or six pairs of gills 

(fig. 12-13B). Although this taxon was thought to have become 

extinct in the Devonian, when it disappeared from the fossil 

record, the lecently discovered living species may belong to it. 

If tlu ancestors of gastropods were not coiled, tergomyans are 

likely candidates. 

GASTROPODAc 

Gastropoda is the largest and most diverse molluscan class. 
The gastropods are the snails and slugs, and the taxon 

includes an enormous diversity of these animals. The gastro- 

pod fossil record begins in the early Cambrian period and 

extends unbroken to the present. No other molluscan class 

has experienced the extraordinary adaptive radiation seen in 

the gastropods during this period. Gastropods originated in 

the sea, but have colonized fresh water and are the only mol- 

luscs found in terrestrial habitats. Among metazoan animals, 

only the vertebrates, crustaceans, and perhaps the annelids 

have enjoyed similar success in all three major environments. 

Estimates of the number of species vary widely from 40,000 

to 100,000 species, but there are probably around 60,000 

described, extant gastropods and another 15,000 known fossil 

species. Gastropods are primarily benthic and have become 

adapted to life on all types of bottoms, but some are adapted 

to a pelagic life. The pulmonate snails and slugs, as well as sev- 

eral other groups, have conquered land by eliminating the 

gills and converting the mantle cavity into a lung. Three major 

groups, the prosobranchs, pulmonates, and opisthobranchs, 

have tended to specialize along different lines. The proso- 

branchs are primarily benthic marine animals, whereas pul- 

monates have capitalized on the ecological possibilities of 

aerial respiration and opisthobranchs have experimented with 

the advantages of losing the shell. 

Due to their great variety, it is difficult to describe a gener- 

alized gastropod. The only characteristic common to all gas- 

tropods is torsion, which is a 180° counterclockwise rotation of 

the visceral mass with respect to the foot. It will be discussed 

later. Many have a shell, which usually is asymmetrically coiled 

(Fig. 12-14A). The shell is univalve and external or, in some, 

internal or even lost. Gastropods retain the broad, fiat, creep- 

ing foot of the generalized mollusc but are much more active 

and mobile than the chitons and monoplacophorans. Accord- 

ingly, the nervous system is cephalized and served by a well- 

developed sensory system. The head is distinct and bears one 

or two pairs of sensory tentacles and a pair of eyes. The vis- 

ceral mass is large and is usually coiled into the shell. The 

mantle cavity is anterior, lateral on the right, posterior, or lost, 

and it usually contains one gill. The mantle cavity, shell, and 

visceral mass are asymmetric. There is usually one atrium and 

one nephridium and the gut is U-shaped. One gonad, the 

right, is retained. The tetraneurous nervous system consists of 

the several pairs of ganglia characteristic of the Conchifera, a 

nerve ring, commissures, and connectives, but it is twisted by 

torsion (streptoneurous) or secondarily untwisted (euthyneu- 

rous). The hatching stage is usually a veliger, and a larval oper- 

culum is present. Many gastropods have lost their shell, have 

lost their mantle cavity, have secondary gills or no gills, are not 

coiled, are secondarily symmetrical, or have partially reversed 

the effects of torsion. 

PREVIEW OF GASTROPOD 
SYSTEMATICS 
The phylogeny and classification of the gastropods, which 

were relatively stable for most of the 20th century, are cur- 

rently being reconsidered in light of a wealth of new data 

from a variety of sources. The discovery of new gastropod taxa 

from deep-sea hydrothermal vents, new gross morphological 

information, ultrastructural data from electron microscopy, 

nucleotide sequences from molecular systematics, and the 
new techniques and philosophies of phylogenetic systemat- 

ics have stimulated a vigorous reevaluation of the evolution 

of the gastropods. It is now clear that the old classification 
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FIGURE 12-14 External anatomy of a marine gastropod, the prosobranch Buccinum undatum. A, The snail 
is crawling with both proboscis and siphon protruded. B, Dorsal view, with shell removed and wall of mantle 
cavity cut and reflected to the left. A small slit in the dorsai body wall provides a view of the proboscis retractor 
muscles. (After Cox, L. R. 1960. Gastropoda. In Moore, R. C. (Ed.): Treatise on Invertebrate Paleontology. Vol. I, pt. 1. 

Geological Society of America and University of Kansas Press, Lawrence, pp. 189 and 191.) 

system did not accurately reflect the evolution and must be 

replaced. Laboratories worldwide are collaborating in the 

effort to construct a new gastropod phylogeny and classifica- 

tion, but the work is still in progress and consensus is yet to 

be reached. Pending the consolidation of these efforts, this 

text employs a provisional phylogeny and classification based 

on many sources. For the present, it seems best to arrange the 

gastropods in monophyletic taxa (orders) without grouping 

them into higher categories. We will, however, informally use 

the old taxonomic names of the higher categories for pur- 

poses of discussion. Informal names are not capitalized and 

do not have Latin endings. 

For example, Prosobranchia, Opisthobranchia, and Pul- 

monata traditionally have been viewed as subclasses, but since 

no apomorphies separate and define these taxa and all three 

appear to be paraphyletic or polyphyletic, this classification is 

no longer acceptable. Nevertheless, since these old groups are 

useful pedagogically and there are as yet no accepted alterna- 

tives, they are employed here informally as prosobranchs, 

opisthobranchs, and pulmonates. 

The primitive prosobranchs are marine, freshwater, and 

terrestrial, mostly gonochoric snails in which the mantle cavity 

and its organs are located at the anterior end of the body. 

They usually have a shell and operculum and are coiled. 

Prosobranchs were once divided into Archaeogastropoda, 

Mesogastropoda, and Neogastropoda, but the archaeogas- 

tropods and mesogastropods are not natural groups (although 

Neogastropoda is) and this division is not recognized in mod- 

ern phylogenetic classifications. Nevertheless, the old groups 

remain convenient for purposes of discussion and are used 

here informally. Archaeogastropods are the most primitive 

prosobranchs and the ones most like the ancestral gastropod. 

The mesogastropods and neogastropods, known as the higher 

gastropods, are descended from the archaeogastropods. 

Opisthobranchs (sea slugs, sea hares, sea butterflies, bubble 

snails, and others) and pulmonates (terrestrial and freshwater 

snails and slugs plus a few shallow-water marine species) exhibit 

a strong tendency to reduce, uncoil, or lose the shell and adopt 

a secondary bilateral symmetry. Gastropod classification is con- 

sidered in more detail in the Diversity and Evolution of Gas- 

tropoda section of this chapter. 

ORIGIN AND EVOLUTION OF THE 
GASTROPOD DESIGN 
The gastropods arose when a monoplacophoran ancestor 

underwent torsion, a radical 180° twist of the visceral mass. All 

gastropods exhibit some degree of torsion and its consequences, 

and this is the single unifying characteristic of the taxon. 

The familiar torted, spirally coiled, and asymmetric gastro- 

pod body evolved in a series of sequential processes, each con- 

tributing an essential feature to the overall design. These 

processes are: the elongation of the shell to make a portable 

retreat, flexure of the gut, planispiral coiling, torsion, and 

conispiral coiling and asymmetry. The order in which coiling 

and torsion occurred in the sequence is the subject of debate. 

Torsion and coiling—both “twists” of the visceral mass — 

are sometimes confused with each other, but they are two quite 

different and independent events in gastropod evolution. Coil- 

ing is the twisting of the shell and visceral mass into the con- 

spicuous and characteristic spiral associated with a typical snail 

(Fig. 12-14) and results from differential growth of the two 

sides of the shell. Torsion is the reversal of polarity of the 
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visceral mass above the foot, and while it is a more profound 

change, it is not so conspicuous or noticeable externally. Both 

are typical of gastropods, but whereas torsion is characteristic 

of all gastropods, the more obvious coiling is not. 

Coiling is usually considered to have occurred in the rnono- 

placophoran ancestor and to have preceded torsion. Coiling 

would have produced a group of symmetrically and exogas- 

trically (anteriorly) coiled monoplacophorans such as the 

cyclomyans (Fig. 12-13A), which later underwent torsion to 

become gastropods. In this scenario, the sequence of critical 

events would be, (1) Elongation of the visceral mass and 

lengthening of the shell to form a conical retreat associated 

with flexure of the gut; (2) planispiral coiling of the shell and 

visceral mass; (3) torsion; (4) conversion of the symmetrical 

planispiral shell to the asymmetrical conispiral shell. It has 

recently been proposed that torsion occurred before coiling 

and that the earliest gastropods were torted but limpetlike, 

nearly symmetrical, and uncoiled. There is evidence support- 

ing both viewpoints. In the following account, it is assumed 

that coiling preceded torsion but, if desired, the order can be 

rearranged by reading the torsion section first, followed by 

those on elongation, coiling, and asymmetry. 

Mantle cavity 

B Pretorsion 

C Post-torsion 

Elongation of the Shell and Visceral Mass 
The shell of the typical monoplacophoran (Fig. 12-12B) is a 

low, symmetrical, conical shield that protects the dorsal surface 

of the animal but does not provide a deep “retreat” into which 

the entire body can be withdrawn. When threatened, a mono- 

placophoran contracts the pedal retractor muscles and clamps 

the shell against the substratum to provide protection to its soft 

tissues. Because of the shell’s low profile, there is no room for 

expansion of the visceral mass to accommodate an enlarged 

gonad or digestive system. 

In the monoplacophorans that preceded the gastropods 

(progastropods), the height of the shell increased and the size 
of the aperture decreased to convert the low shield into a more 

spacious cone (Fig. 12-15A). These changes provided addi- 

tional space within the confines of the shell that allowed for 

expansion of the soft tissues, especially the visceral mass, and 

its use as a retreat into which the animal could completely with- 

draw when threatened. 

Associated with the increase in the height of the shell came 
the llexuie of the gut. Prior to flexure, the gut extended more 

or less straight posteriorly from the anterior mouth to the poste- 

rior anus (Fig. 12-16A,C). Following flexure, the gut is U-shaped 

and arches up into the newly formed cone (Fig. 12-16B,D). The 

mouth and anus must remain outside the cone, of course, and 

au still ventral, but the stomach is dorsal. This flexure moves the 

gut and associated viscera away from the longitudinal head-foot 

axis and up into the shell. Dislocating the visceral mass away 

from the longitudinal axis is a prerequisite to taking advantage 

of the developing space in the elongate shell. 

Planispiral Coiling 
With increases in the height of the cone, the shell quickly 

became unwieldy, awkward to transport, and difficult to move 
into small spaces and crevices or through beds of macroalgae. 

This problem was alleviated by the coiling the shell over the 

head as it became higher (Fig. 12-18A). Eventually the shell 

FIGURE 12-15 Gastropoda. A, Evolution of the planispiral shell 

beginning with an ancestral limpetlike monoplacophoran possessing 

a low, shieldlike shell. The height of the shell increases to provide 

a retreat in the face of danger and for the expansion of the visceral 

mass. To accommodate further increases in shell height, the apex 

of the cone is coiled anteriorly (exogastrically) and ventrally into 

a bilaterally symmetrical planispiral, as seen in cyclomyan 

monoplacophorans. The aperture is reduced and the snail can 

withdraw into its spiral shell, which is more compact and less awkward 

to carry than a straight conical shell would be. B, A progastropod 

monoplacophoran with a planispirally coiled shell before torsion. 
C, A gastropod showing the relationship between shell and head-foot 

after torsion. Anterior is to the right, posterior to the left in all. 

consisted of several complete coils, or whorls, forming a spiral 

around a central node. In these first coiled shells the whorls 

all lay in a single plane so that the shell was planispiral 

and the animal and its shell were bilaterally symmetrical 

(Fig. 12-18A,B,C). In a planispiral shell (Fig. 12-15B,C), each 

coil is located completely outside of the one preceding it and 

in the same plane, like a hose coiled flat on the ground, or 

a rope coiled on a dock. The shell has an axis that passes 

through the center of the coil and is perpendicular to the 

plane of the coil (Fig. 12-19A). The resulting shell is exogastri- 
cally coiled, meaning that the direction of coiling is anterior, 

over the head (Fig. 12-15B). The opposite is endogastric coil- 
ing, in which coiling is posterior, over the foot (Fig. 12-15C). 

Although no modern gastropod has a true planispiral shell, 

many are functionally planispiral with flat, disclike shells but 

whorls that are not quite in a single plane. Nautiloid 

cephalopods have a true planispiral shell (Fig. 12-65). 

Torsion 
The progastropod monoplacophoran was untorted and we 

assume it had a planispiral shell that coiled exogastrically 

(anteriorly) so that its bulk and weight were over its head 
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FIGURE 12-16 The effect of torsion on spatial relationships in gastropods. A and B, Dorsal views. A, The 

monoplacophoran ancestor prior to torsion. B, The early gastropod after torsion. C and D, Lateral views from the 

ieft. C, The monoplacophoran ancestor prior to torsion. D, The early gastropod after torsion. Coiling is omitted 

from the drawings for clarity. (A and B, Modified from Graham. C andD, Modified fromFretter, V and Graham, A. 

1994. British Prosobranch Molluscs. Second Edition. Ray Society. Vol. 161. Ray Society, London. 820 pp.) 

(Fig. 12-15B). The mantle cavity was posterior. Because the 

progastropod was not torted, it was not a gastropod. It did 

not have an operculum. 

Torsion is a 180° counterclockwise rotation, or twisting, of the 

visceral mass, shell, mantle, and mantle cavity with respect to the 

head and foot (Fig. 12-16). It is a developmental event that oc- 

curs in the larva, not the adult. The head and foot remain unal- 

tered by this rotation and, except for the change in orientation, 

the visceral mass is largely unaltered. In contrast, structures such 

as nerves and gut that pass between the head-foot and the vis- 

ceral mass are twisted. Torsion is a defining characteristic of the 

gastropods and one of the synapomorphies uniting the taxon. 

All gastropods are torted or had ancestors that were torted. 

Prior to torsion, the mantle cavity and its organs (two gills, 

two nephridiopores, two hypobranchial glands, two osphradia, 

and an anus) are posterior. Following torsion, the mantle cav- 

ity and organs are anterior, immediately behind and above the 

head. Internally, the digestive tract is looped into another 

U superimposed on that resulting from flexure. The stomach 

is now posterior and dorsal, whereas the mouth and anus are 

anterior and ventral (Fig. 12-16B,D). The nervous system has 

been twisted into a figure eight, with the nerve ring at the top 

of the 8 and the visceral ganglion at the bottom (Fig. 12-17B). 

The head and foot retain the original untorted bilateral sym- 

metry and the shell remains unchanged except that its antero- 

posterior polarity is now reversed. 

Torsion heralded the origin of gastropods from monopla- 

cophorans, but it is, and was, a developmental event that con- 

tinues to occur in the life cycle of each individual gastropod. 

The bilaterally symmetrical, untorted trochophore larva devel- 

ops into an untorted veliger larva. The early veliger has an 

uncalcified shell and, early in development, no mantle cavity. 

Its gut undergoes flexure to arch dorsally into the visceral 

mass so that both mouth and anus are ventral to the stomach. 

Torsion occurs in two phases of differential growth of the right 

and left sides of the body, resulting in rotation of the body first 

90° and then 180° counterclockwise. Differential muscle con- 

traction may contribute to torsion in some molluscs. 

Many derived gastropods (Euthyneura; opisthobranchs and 

pulmonates) have undergone partial detorsion by about 90° to 

move the mantle cavity and/or its contents to the right side of 

the body. This is accomplished by the reversal of one phase 

of torsion. 

There is no obvious, convincing reason for torsion to have 

occurred and it creates serious problems, so it must have a 

compensating adaptive advantage, either to the pelagic larva, 

benthic adult, or both. Several hypotheses have been sug- 

gested regarding the adaptive advantage of torsion, but none 

is compelling. Torsion places the mantle cavity anteriorly so 

that, when danger threatens, in either the larva or adult, the 

head can be retracted into the safety of the shell first, followed 

by the foot. The operculum on the posterior foot then forms 

a door to occlude the opening to the mantle cavity, and the 

animal presents an unbroken, hopefully impenetrable shell, 

closed by the operculum to the outside world. The operculum 

appears early in gastropod evolution, at about the same time 
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ANTERIOR 

FIGURE 12-17 Evolution of the gastropod streptoneurous nervous 
system. Both views are dorsal, so the animal's right and left are those 
of the image. Both systems are hypoathroid, with the pleural and pedal 
ganglia adjacent to each other. The circumesophageal nerve ring is 
shaded, b = buccal ganglion, c = cerebral ganglion, G = gut, Le = left 
esophageal ganglion, pe = pedal ganglion, pi = pleural ganglion. 
Re = right esophageal ganglion, v = visceral ganglion. A, The 
pretorsional, symmetrical, ancestral nervous system, such as that of a 
monoplacophoran. This pattern is similar to the detorted, euthyneurous 
system of the pulmonates and opisthobranchs. B, A torted, 
unconcentrated, streptoneurous nervous system such as that of 
a prosobranch gastropod. (Redrawn and adapted from Haszprunar, G. 
1988. On the origin and evolution of major gastropod groups, with special 
reference to the Streptoneura. f. Moll. Stud. 54:367-441.) 

as torsion, suggesting a relationship between the two. Con- 

sidering the near-microscopic size of the larva, however, it is 

difficult to see how this would be a benefit, because most lar- 

val predators consume the entire larva, shell and all. It could, 

however, be of value to the adult. 

The anterior position of the mantle cavity might facilitate 

ventilation of the mantle cavity and gills. Forward motion of a 

torted snail would tend to rock the shell back and open the 

anterior mantle cavity for improved ventilation. A posterior 

mantle cavity, on the other hand, would tend to be closed by 

such backward rocking of the shell. It is also possible that an 

anterior position provides the mantle cavity with water free of 

sediments stiiied up as the foot passes over the substratum. 

Tot sion places the sensory osphradium anteriorly, where it 

can sample the water the animal is entering rather than the 

watt i the animal has just left. In this position it might supple- 

ment the usual cephalic senses in testing the environment 

ahead of the animal. It is known that some carnivorous gas- 

tropods use the osphradium to locate prey. Torsion may also 

shift the center of gravity of the shell and visceral mass to a 

more advantageous location. 

A final possibility is suggested by the fact that the gastropods 

are the only mollusc taxon with a coiled shell and rapid, creep- 

ing locomotion. Other conchiferans exhibit coiled or slightly 

curved shells, but the curvature is usually exogastric. The gas- 

tropods are endogastrically coiled (after torsion) and only the 

gastropods cietp iapidly. It may be that gastropod-style creeping 

locomotion is inefficient with exogastric coiling. Such a possibil- 

ity is suggested immediately by comparing the appearance of 

exogastrically (Fig. 12-15B) and endogastrically (Fig.l2-15C) 

coiled animals. The center of gravity of an exogastric shell would 

cause the shell to fall forward, onto or in front of the head so 

that the animal would have to push the shell forward into 

sediment or vegetation. Torsion and the resulting endogastric 

coiling would correct this awkward and inefficient arrangement. 

Whatever the advantage of torsion, some of the resulting 

changes in spatial relationships must have created serious 

sanitation problems for the early gastropods. Torsion places 

the anus, nephridiopore, and- gonopore over the head and 

mouth, where their products could foul the mouth or gills. 

Planispiral coiling created other problems for the gastropods. 

The last major steps in gastropod evolution deal with solving 

these problems. 

Conispiral Coiling and Asymmetry 
Because each whorl of a planispiral shell lies entirely outside 

the circumference of the preceding whorl, spirals with large 

diameters are required to accommodate relatively modest 

increases in biomass. Such large, flat, disc-shaped shells are not 

compact and are difficult to drag through restricted spaces, 

vegetation, or sediment. Furthermore, the high center of grav- 

ity of a planispiral shell makes it difficult to hold the shell erect 

above the foot, so it tends to flop to the side. 

At some point in gastropod evolution, this problem was 

solved by converting the symmetrical planispiral shell to an 

asymmetrical conispiral shell in which each whorl partially or 

completely overlaps and encloses the preceding whorl (Fig. 

12-18D). First, the shell is extended to the right to form an 

apex, or spire, on the right of the body (Fig. 12-18D, 12-19B). 

The shell is now neither planispiral nor bilaterally symmetrical; 

instead, it is an asymmetric conispiral. This forms a more com- 

pact shell, but exacerbates weight distribution problems by mov- 

ing the center of gravity to the right, away from the midline. 

To bring the center of gravity of the shell and visceral mass 

over the head and foot, the shell axis shifts so its posterior end 

moves to the left and ventrally (Fig. 12-18E,F; 12-19C) and 

approaches the body axis. The anterior end of the shell axis 

shifts correspondingly, to the right and dorsally. The shell axis 

is now oblique to the body axis. These changes in symmetry 

and center of gravity occurred simultaneously and resulted 

in the compact, asymmetric, coiled shell with a low center 

of gravity over the body. Such a shell is more compact and 

stronger than a planispiral shell. With the exception of various 

limpetlike groups, the shells of modern gastropods are asym- 

metrical as described. 

In almost all prosobranch gastropods, the mantle cavity is 

asymmetrical. This asymmetry is probably the result of a com- 

bination of reduction in the size of the aperture, coiling, the 

loss of symmetry, development of the visceral mass and diges- 

tive gland on the right, and the shift in the shell axis away 

from perpendicular. The result is a constriction of the mantle 

cavity on the right and its expansion on the left. 

Sanitation 
Moving the mantle cavity to the anterior end of the body 

placed it, the anus, gonopores, and nephridiopores in close 

proximity to the head and mouth and introduced potential 
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FIGURE 12-18 Side view (A) and front view (B) of the planispiral 
shell of Strepsodiscus of the fossil Bellerophontida, possibly the earliest 
known gastropod. C-F, Evolution of the asymmetrical gastropod shell. 
Cleft in shell for exhalant water current marks location of mantle cavity. 
C-E, Hypothetical stages. C, Ancestral post-torsion gastropod with 
planispiral shell. D, The apex of the spiral is drawn out, producing a 
more compact shell. E, The position of the shell over the body is shifted, 
providing a more equal distribution of weight. F, Final position of the 
shell over the body, typical of most living shelled gastropods. The axis 
of the shell is oblique to the long axis of body and the mantle cavity is 
on the left side. The right side is compressed by the shell. (A and B, 
After Knight, J. B., Cox, L. R., Keen, A. M., Batten, R. L., Yochelson, E. L., 
and Robertson, R. 1960. Systematic descriptions. In Moore, R. C. (Ed): Treatise 
on Invertebrate Paleontology. Vol. 1, pt.l. Geological Society of America, 
University of Kansas Press, Lawrence, KS. pp. 1169—1330; C-F, After Yonge) 

conflicts between sanitation and ventilation of the gills. Two 

different flow patterns could have accomplished the simulta- 

neous ventilation of the two gills of early gastropods. In one, 

the water enters bilaterally, on the right and left, and exits 

medially, above the head (Fig. 12-20A). In this pattern, clean 

water would flow first over the gills and then the nephridio- 

pores and anus, where it would entrain urine and feces. It 

would then turn medially and anteriorly to exit the mantle 

cavity over the head, potentially fouling the mouth with waste. 

In the alternative pattern (Fig. 12-20B), water enters medially 

and flows first over the mouth, then the nephridiopores and 

anus, before turning laterally, both right and left, carrying 

FIGURE 12-19 Evolution of the asymmetrical conispiral gastropod 
shell. Diagrammatic gastropods in dorsal view. A, A bilaterally 
symmetrical, top-heavy planispiral shell. B, An unbalanced shell with 
the spire extended to the right. C, A balanced asymmetrical gastropod 
shell with the spire shifted posteriorly. 

wastes. It would then flow through the two gills, which would 

be fouled, before the water exited bilaterally. Understandably, 

neither alternative is acceptable and no known gastropod 

exhibits either pattern of water flow. 

A third possibility entails significant modification of the 

shell. Although this modification is found in the primitive veti- 

gastropods (archaeogastropods) and was probably employed 

by the ancestral gastropod, it is not characteristic of higher 

gastropods. Both primitive vetigastropods and the ancestral 

gastropod possessed right and left gills in a more or less sym- 

metrical mantle cavity (Fig. 12-20C). Vetigastropoda includes 

the slit snails, keyhole limpets, and abalones, all of which have 

symmetrical respiratory currents that enter laterally, on both 

the right and left, and move medially. They also have one or 

more additional openings in the shell that permit the respira- 

tory current to exit after it passes the anus (Fig. 12-20C). 

These anal pores (or perforations or slits) permit fouled water 

to exit dorsally or posteriorly and thus circumvent the mouth, 

even though the water flow is symmetrical. The rectum and 

anus are displaced posteriorly from the anterior edge of the 

mantle cavity and open beneath the dorsal anal pore. The res- 

piratory current enters the mantle cavity from right and left at 

the anterior end of the body, passes between the gill filaments 

of the right and left gills, then over the anus, and finally dor- 

sally and posteriorly to exit through the anal pore or slit. 

The deepwater slit snails (Scissurella, Pleurotomaria) have typi- 

cal spirally coiled shells, but the anterior margin of the shell 

and the underlying mantle are cleft by a deep slit (Fig. 

12-21C). The abalones (Haliotis; Fig. 12-21A,B) and the keyhole 

limpets (Diodora; Fig. 12-22) are intertidal and shallow-water 

inhabitants of wave-swept rocks. The low, broad shells of both 

groups are designed to minimize water resistance and to serve 

as protective shields when the animal is clamped against rock. 

These vetigastropods have perforations rather than a slit for the 

exit of the respiratory current. Perforations do not weaken the 

shell like a long slit does and are better suited to animals 

living in rough water. 

The low, shieldlike abalone shell is asymmetrically coiled, 

and most of it is a single large body whorl (Fig. 12-21 A). The 

asymmetrical mantle cavity that is displaced to the left side 
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FIGURE 12-20 Gastropod mantle cavity evolution. A and B, Two 

possible patterns of symmetrical water flow through a mantle cavity 

with two gills. Conflicts between sanitation and ventilation are created 

by placing a symmetrical mantle cavity over the head and mouth. A, 

The ventilating current enters the mantle cavity laterally, bringing clean 

water to the gills. The water then flows over the anus and exits 

medially, where it may bring feces to the vicinity of the mouth. B, The 

ventilating current enters medially and flows over the anus, where it 

entrains feces that are then carried into the gills. Neither alternative 

is desirable. C, Primitive vetigastropcd archaeogastropods with two 

bipectinate gills (keyhole limpet). Water enters on both the right and 

left and then flows over the right and left gills, respectively. It then 

passes over the anus and exits via the anal pore, pores, or slit. 

D, Derived vetigastropods and neritimorphs with one bipectinate gill 

and oblique water flow. Water enters on the left, flows first over 

the left gill, then over the anus, and then exits on the right. 

E, Mesogastropods and neogastropods with one monopectinate gill 

and oblique water flow, as in D. F, Opisthobranchs, with varying 

degrees of reduction of gill and mantle cavity. G, Pulmonates, which 

have replaced the gill with a lung. 

of the body contains two gills. In Haliotis tuberculata, the 

shell above the mantle cavity is perforated by a row of holes. 

The mantle is cleft along the line of the anal pores (Fig. 12- 

2IB) and the edges of the mantle project into the perfora- 

tions to form a lining for each pore. The respiratory current 

enters the mantle cavity under the anterior edge of the shell 

(and also through the anteriormost pores) and passes be- 

neath the shell to the left of the head. It exits through the 

posterior pores (Fig. 12-21 A). The anus and nephridiopores 

lie beneath one of the posterior pores (Fig. 12-21B). New 

pores are added as the shell grows and old ones are 

plugged. Each pore begins as a short slit at the anterior mar- 
gin of the shell and eventually becomes enclosed to form a 

circular perforation. 

The keyhole limpets have a conical, uncoiled, symmetrical 

shell that has either a slit at the anterior margin (Emcirginula) or, 

more commonly, an anal pore at the apex (Diodora; Fig. 12-22). 

The anal pore originates as a notch along the shell margin dur- 

ing the early stages of development. The notch then becomes 

enclosed and through differential growth it gradually assumes 

a position at the apex of the shell, reminiscent of the crater 

atop a volcano. Water enters the mantle cavity anteriorly, flows 

over the two gills, and issues as a powerful stream from the anal 

pore. The anus and urogenital openings are located just 

beneath the posterior margin of the pore. 

In each of these three examples, an anal pore of some 

description is present in the shell. Regardless of the final con- 

dition of the aperture (slit, row of pores, or single apical 

pore), it begins in development as a slit in the anterior margin 

of the shell that is later modified to the adult form. Conse- 

quently, an anterior anal slit is thought to have been present 

in the ancestral gastropod. 

The extinct Bellerophontida is symmetrical and planispi- 

rally coiled, and some have an anal slit on the dorsal margin 

of the aperture (Fig. 12-18A,B). Because they are fossil, 

nothing is known of their soft anatomy, and their position in 

the evolutionary sequence is conjectural. The confusion, 

however, may be because unrelated fossils have been unin- 

tentionally lumped together in this taxon. Those with an 

anal slit are probably torted, with mantle cavity and anal 
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FIGURE 12-21 Vetigastropods: abalones and slit snails. A, Dorsal view of the abalorie Haliotis kamtschatkana 
showing the path of the ventilating current. Part of the inhalant water stream enters the mantle cavity beneath 
the shell to the left of the head and part enters through the anterior shell perforations. The exhalant water 
stream leaves the mantle cavity through posterior perforations. The most posterior, sealed, nonfunctional 
perforations appear as a curved line of depressions on the shell. B, Dorsal view of Haliotis with the shell removed 
and the mantle cavity exposed. C, The slit snail Pleurotomaria, a gastropod with an anal slit for the exhalant 
current. (A, Based on Voltzow, J. 1983. Flow through and around the abalone Haliotis kamtschatkana. Veliger. 26(1 ):18-21; 
B, Redrawn from Bullough, 1958; C, Drawn from a photograph by Abbott) 

slit anterior, and thus are early gastropods. Those without 

a slit could be untorted monoplacophorans and not beller- 

ophonts (or gastropods) after all. They would have a poste- 

rior mantle cavity and no need for an anal slit. An anal slit is 

needed only if the anus is close to the mouth and thus 

would be expected only in animals that had undergone tor- 

sion (gastropods). 

Obviously, there must be yet another solution to the sani- 

tation problem if anal perforations are restricted to a relat- 

ively small number of gastropods. The solution characteristic 

of almost all prosobranchs (some archaeogastropods [Fig. 

12-23], all mesogastropods, and all neogastropods) is a unidi- 

rectional flow of water through an asymmetrical mantle cavity. 

The right gill, along with the right atrium, right kidney, and 

right nephridiopore, are lost, presumably in conjunction with 

the constriction of the right side of the mantle cavity associated 

with asymmetry. The fouling problem is eliminated if there is 

only one gill to ventilate. Water enters on the left, flows over 

the left gill, anus, nephridiopore, and gonopore and then exits 

on the right (Fig. 12-20D,E). The mouth is out of the path and 

the solitary gill is upstream of everything that might foul it. 

A similar pattern is seen in some living patellogastropod 

limpets. In Acmaea, Notoacmaea, Collisella, and Lottia, only the 

left gill is present, but it extends to the right side of the body. 

As in all limpets, the mantle and shell overhang produces a dis- 

tinct pallial groove on each side between the foot and the man- 

tle edge (Fig. 12-24A), similar to the lateral mantle cavity of the 

monoplacophorans and polyplacophorans. The inhalant respi- 

ratory current enters the mantle cavity anteriorly on the left 

side and exits on the right. In some species the exiting current, 

or part of it, may flow posteriorly in the lateral mantle grooves. 

Some patellogastropod limpets, Patella for example, have lost 

the original gills. Instead, folds of the mantle form secondary 

gills, which project into the pallial groove along each side of 

the body (Fig. 12-24B). 

Another modification associated with the respiratory cur- 

rent of many meso- and neogastropods is the development of 

a flexible, extensible inhalant siphon (Fig. 12-14). A portion 

of the mantle skirt on the left side, beside the head, elongates 

and rolls to form the siphon (Fig. 12-25B). The siphon gives 

the snail some selectivity in choosing the source of respiratory 

water and allows it to test the water ahead before crawling 
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FIGURE 12-22 Vetigastropods: keyhole limpets. A, The keyhole 

limpet Diodors in dorsal view. B, Dorsal view of the exposed mantle 

cavity of Diodora, showing paired, bipectinate gills. Arrows indicate the 

path of the respiratory current. (After Yonge) 

into it. It may also provide burrowing species with access to 

watei, assist snails in following a chemical trail, or, if equipped 

with various receptors, function as a sense organ, especially in 

carnivores. 

The Ancestral Gastropod 
Torsion by some ancestral coiled (but perhaps uncoiled), 

cyclomyan monoplacophoran (Fig. 12-13A) produced the 

fust gastropod. The resulting protogastropod gastropod may 

have resembled the living patellogastropod limpets or the 

primitive vetigastropods or it may have been a bellerophont. 
Its shell was probably coiled, although recently it has been 

suggested that it was an uncoiled, symmetrical limpet (Fig. 

12-26). 1 he shell had an anal slit on its anterior margin and 

water flow through the mantle cavity was probably bilateral, 

entering on the right and left and exiting medially through 

the anal slit (Fig. 12-20C). Two pedal retractor muscles were 

present; the loss of the left pedal retractor in higher gas- 

tropods is a derived condition. 

The mantle cavity was anterior and contained a pair of 

bipectinate gills, a pair of mucus-secreting hypobranchial 

glands, two nephridiopores, a pair of osphradia, and the anus. 

The heart was anterior and enclosed in the pericardial cavity 

(pericardial coelom). It had a ventricle and two atria, one to 

receive blood from each gill. Such a diotocardian heart (with 

two atria) is found among living gastropods only in the primi- 

tive vetigastropods (keyhole limpets, abalones, slit snails, top 

snails, and turbans). The vetigastropods have retained this 

primitive character, but all other gastropods, including the 

otherwise primitive patellogastropods, have lost the right 

atrium to become monotocardian. 

The ancestral gastropod was a microphagous browser. 

The gut was U-shaped, with the esophagus entering the 

stomach posteriorly and the intestine exiting anteriorly. The 

mouth was at the anterior end of the head, and the anus, 

also anterior, was dorsal to the head in the mantle cavity. A 

radular sac with radula and subradular organ was present in 

the buccal cavity. 

The stomach was a pear-shaped sac with a chitinous gastric 

shield, ciliated sorting field, protostyle, typhlosole and intesti- 

nal groove extending from the esophagus to the intestine, 

and a pair of openings to the digestive ceca (Fig. 12-39A). 

The intestine looped several times through the visceral mass, 

passed through the pericardial cavity, and emptied via the 

anus into the right side of the mantle cavity. In derived 

gastropods, the character of the gut depends on feeding 

habits. 

There were two nephridia surrounded by the hemocoel 

and connected with the pericardial cavity by renopericardial 

ducts. Distally, the nephridia opened into the mantle cavity via 

nephridiopores. In living gastropods with two nephridia, the 

right one is dedicated to nitrogen excretion and the left to ion 

regulation, as is assumed to also have been true of the arche- 

type. Most gastropods have only one nephridium, the right 

one having been lost. 

A single gonad, on the right, was located in a coelomic 

space, the gonocoel. The gonoduct exiting the gonad joined 

the right nephridial duct so that gametes exited the body 

through the right gonoduct, the right kidney, and the right 

nephridiopore (which was also the gonopore). All living gas- 

tropods have only a right gonad. 

1 he nervous system was tetraneurous, streptoneurous 

(twisted; Fig. 12-17B), and hypoathroid (pleural and pedal 

ganglia touching, with pleural ganglia distant from the cere- 

bral ganglia). It consisted of the cerebral and pedal ganglia in 

a ring around the esophagus that connected to the pleural, 

esophageal, and visceral ganglia by connectives. The two 

visceral cords formed a visceral loop, which was torted. The 

two pedal cords extended to the foot. The sensory system 

included a pair of cephalic tentacles innervated by the cere- 

bral ganglia and a pair of simple eyes located laterally at the 

base of the cephalic tentacles. A pair of lateral statocysts that 

arose from ectodermal invaginations was innervated by the 

cerebral ganglia. 

The early gastropod was probably gonochoric with external 

fertilization of macrolecithal eggs. The larva was planktonic 

and lecithotrophic. The veliger had an operculum. 
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FIGURE 12-23 Archaeogastropods with a single gill 

(left) and an oblique ventilating current. A, Top snail shells 

(Trochoidea). The large specimen is Trochus niloticus, 

a common species of South Pacific islands. B, A turban snail 

(Trochoidea), Turbo, a common tropical Pacific and Indian 

Ocean taxon. The heavy, calcareous operculum of the South 

Pacific species, which often washes up on beaches in large 

numbers, is called a cat's eye. C, The nerite Nerita tesselata 

from south Florida. 

SHELL 
The gastropod shell is a hollow cone coiled around a central axis 

known as the columella (Fig. 12-27A). After coiling, the shell is 

still a hollow, tapering tube with a large base and a small apex, 

but it no longer looks like a cone. 

The base of the cone is a large opening, the aperture, 

through which the head and foot can be extended or 

retracted (Fig. 12-27B). The visceral mass is coiled to fit into 

the cone. In all gastropods (except the vetigastropods), the 

aperture is the only opening. The outside edge of the aper- 

ture is the outer lip and the edge lying against the rest of the 

shell is the inner lip. In many species, the anterior margin of 

the shell aperture is indented to form a siphonal notch (Fig. 

12-27B,C) or drawn out as a siphonal canal (Fig. 12-27A) to 

accommodate the siphon. 

Each complete revolution, or coil, of the cone around the 

columella is a whorl. Successive whorls partially or entirely 

overlie their predecessors. The outermost whorl at the base of 

the cone is the body whorl. The largest of the whorls, it 

houses most of the visceral mass and the head and foot. The 

remaining whorls together form a spire that rises above the 

body whorl and includes the apex. The height of the spire 

varies widely with species. In some the spire is so low the shell 

appears to be planispiral (Fig. 12-28B), whereas in others it is 

so tall that it superimposes a conical shape onto the entire 

shell. In the cowries, each whorl completely encloses the pre- 

ceding whorl and there is no spire (Fig. 12-29). 

The original shell of the veliger is a spiraled protoconch. 

From this beginning the adult snail constructs the adult shell, 

or teloconch, by adding new shell material to the outer lip of 

the aperture to lengthen the whorl and increase its diameter. 

Sometimes the protoconch remains at the apex of the adult 

shell, but typically it is fragile and quickly wears away. 

Left gill Mouth 
Tentacle 

Shell 

Mantle 

Mantle 
tentacle 

Left 
nephridiopore 

Anus 

Right 
nephridiopore 

Secondary gills 

Shell 

Mantle tentacle 

Foot 

FIGURE 12-24 Patellogastropod limpets. A, Acmaea (ventral view). 

B, Cross section through a patellid limpet showing secondary gills. 

Arrows indicate the respiratory current. 
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FIGURE 12-25 Miscellaneous prosobranchs. A, Shell of the 
cyclophorid land snail Rhaphaulus chrysalis, showing the 
breathing tube, a secondary opening into the mantle cavity 
that permits gas exchange when the animal is withdrawn 
and the aperture is closed by the operculum. Cyclophorids 
are architaenioglossans in which the gill has been lost. B, 
Anterior end of the neogastropod Mitra, showing the folded 
origin of the siphon. (A, After Rees, 1964, from Purchon, R. D. 

1977. 1 he Biology of the Mollusca. 2nd Edition. Pergamon Press, 

Oxford; B, Based on a photograph by Paul Zahl.) 
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FIGURE 12-26 Dorsal view of a proposed 
ancestral gastropod based on a patellogastropod 
model. The animal is torted and the mantle cavity 
is anterior. The posterior margin of the mantle 
cavity is indicated by the broken iine. (Redrawn 

and modified from Haszprunar, G. 1988. On the origin 

and evolution of major gastropod groups, with special 

reference to the Streptoneura. J. Moll. Stud. 54:367-441) 

A gastropod shell may be spiraled clockwise (right-handed 

or dextral) or counterclockwise (left-handed or sinistral). 

A shell is right-handed if the aperture is on the right of 

the columella when the shell is held with the spire up and the 

aperture facing the observer, as in Figure 12-27B, and left- 

handed when it opens on the left. Most gastropods’ are right- 

handed, a few are left-handed, and some species have both 

right-handed and left-handed individuals. 
T he gastropod head and foot are withdrawn into the shell 

by the columeUar muscle that originates on the columella and 

inserts on the operculum in the foot, if there is one. The col- 

umellar muscle is homologous to the right pedal retractor 

muscle. Primitively, two pedal retractor muscles, the right and 

left, are present (Fig. 12-26). This paired arrangement is found 

in a few living species, although the left muscle is usually very 

small. In most gastropods, however, the left pedal retractor 

muscle has disappeared and only the right one remains as the 

columellar muscle. 

The foot of most prosobranchs (and the larvae of some 

opisthobranchs and pulmonates) bears a homy disc called the 

operculum on its posterior dorsal surface (Fig. 12-27C). The 

operculum is usually a flexible proteinaceous disc, but in some 

cases it is calcified and rigid (Fig. 12-23B). The doorlike opercu- 

lum closes the aperture when the foot and head are retracted. 

It protects the snail from predation and desiccation. 

Unlike monoplacophorans and chitons, which clamp 

themselves tightly onto the substratum for protection, most 

gastiopods withdraw the large head and foot through the 

narrow aperture of the shell and break contact with the sub- 

stratum when threatened. This is accomplished partly by 
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FIGURE 12-27 Gastropod shells. The shells are dextral. A, Longitudinal section through a typical shell 
showing the columella. B, Intact shell of the oyster drill Urosalpinx cinerea. C, Gastropod with an operculum. 
D-F, Withdrawal into the shell and closure of the aperture by the operculum. (B, After Turner) 

compressing and partly by folding the soft tissues as they are 

withdrawn (Fig. 12-27E). The head is withdrawn first, fol- 

lowed by the foot. As the foot withdraws, the posterior half 

folds forward, like a hinged lid (Fig. 12-27E), against the 

anterior half so the soles of the two halves are in contact 

with each other. This leaves the operculum (if present) as 

the last part to be withdrawn, and it forms a door to block 

the aperture. 

A gastropod shell consists of a variable number of organic 

and calcareous layers. The outer periostracum is composed of 

a quinone-tanned, horny protein material known as conchi- 

olin, although its composition varies. The periostracum usually 

is thin but may be entirely absent, as in the cowries, or thick 

and bristly, as in some whelks. 

The inner shell layers consist of calcium carbonate crystals, 

either aragonite or calcite, embedded in a protein matrix. The 

matrix holds the crystals together, retards crack proliferation, 

and guides the growth of the crystals into the proper size, 

shape, and orientation. The shape and arrangement of the 

crystals varies in different layers. Of the several types of crystal 

organization, prismatic, crossed-lamellar, and nacreous are the 

most common. 

The outermost calcareous layer (ostracum) is usually a pris- 

matic layer with its crystals deposited in columns perpendicular 

to the surface of the shell. The prismatic layer can be either 

calcite or aragonite. 

The inner calcareous layers (hypostracum) may have arago- 

nite or calcite crystals held in an organic matrix to form sheets, 

or lamellae, in a crossed-lamellar structure. The crystals are 

arranged with their axes oriented in different directions in dif- 

ferent lamellae or even in different areas of the same lamella, 

similar to a piece of plywood. This is the most common type of 

shell material in the molluscs, and in some species the entire 

mineral portion of the shell is crossed-lamellar. The lamellae are 

usually oriented perpendicular to the surface, and there may be 

more than one layer. 
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FIGURE 12-29 Cowrie shells. The shells of these tropical gastropods 
are superficially bilateral because the body whorl completely encloses the 
previous whorls. The specimen on the right is viewed from the aperture 
side. The specimens on the left and in*the middle are viewed from the 
side opposite the aperture, and the one on the left has been cut away to 
show the older whorls inside. 

In the archaeogastropods there may be a nacreous layer in 

which^the crystals are disc-shaped tablets arranged in sheets 

parallel to the surface. This shell material is known as nacre 

or mother-of-pearl, and it is smooth and lustrous. Nacre is 

always made of aragonite and usually forms the innermost 

layer, although sometimes it is a middle layer. Nacre occurs in 

the monoplacophorans, some gastropods, cephalopods, and 

bivalves, but is not present in the higher prosobranchs. Nacre 

is the strongest shell material, whereas crossed-lamellar is the 

hardest. Nacre is energetically the most expensive to produce. 

Cracks propagate most readily through the prismatic layer 

and least through a nacreous layer. 

The color of the shell results from pigments in the perio- 

stracum or pigments deposited in the calcareous layers as the 

shell is secreted. Pigments may originate in the diet or be 

synthesized by the snail. The incorporation of pigments from 

the diet may result in crypsis, with the snail having the same 

color as its prey. 

The shell grows through the addition of new material, both 

organic and mineral, secreted by the outer edge of the mantle 

and applied to the lips of the aperture. The process is similar 

to that in bivalves, in which it has been more extensively stud- 

ied. The difference in the rate of mineral deposition to the 

inner and outer lips results in the spiral growth of the shell as 

the outer lip grows faster than the inner. Growth usually is not 

continuous, and the intervals between growth periods can 

often be recognized by growth lines, as in bivalves, and by the 

sculpturing of the shell surface. In most gastropods, shell 

growth rate declines with age. 

Gastropod shells display a great variety of colors, patterns, 

shapes, and sculpturing, but only two of the more widespread 

modifications in shell form will be mentioned. In many gas- 

tropods, the spiral nature of the shell is obvious only in the 

juvenile stages and obscured in the adult. The coiling ceases 

with age and the adult shell consists of a single, large, 

expanded body whorl that does not appear to be spiraled. In 

the abalone, Haliotis (Fig. 12-21A), and in the slipper snails, 

Crepidula (Fig. 12-57D), the shell uncoils but remains asymmet- 

rical. In the keyhole limpets, the shell has secondarily lost 

all traces of coiling and become secondarily symmetrical. It 

looks like a Chinese straw hat or a volcano (Fig. 12-22A). The 

limpet shape has evolved independently several times in the 

gastropods. 

A second important and often repeated event in gastropod 

shell design is the reduction or complete loss of the shell. 

A reduced shell often becomes embedded in the mantle and 

internalized. Other shell modifications will be described later 

in connection with ventilation, movement, and habitat. 

FOOT, LOCOMOTION, AND HABITAT 

Foot 
Locomotion is the primary function of the gastropod foot, but 

it may also be responsible for activities such as prey capture, 

reproduction, and defense. In gastropods, the foot is a mass of 

muscle and connective tissue with a broad, flat, creeping sole. 

There is no large blood sinus in the gastropod foot and its 

hydrostatic skeleton is a combination of small blood spaces 

and the muscle tissue itself. 

The columellar muscle is the dorsal and central part of the 

foot, whereas the tarsos muscle is ventral and peripheral. The 

columellar muscle, which consists of large muscle bundles 

wrapped in connective tissue, is responsible, of course, for the 

retraction of head and foot, and also for their extension, and 

for twisting the foot with respect to the shell. Although there 

is no fluid-filled hemocoel in the columellar muscles, the mus- 

cle bundles themselves function as hydrostatic skeletons and 

antagonize each other. Consequently the columellar muscle 

can both extend and retract the foot. 

The sole of the foot is the tarsos muscle, which is com- 

posed of very fine muscle bundles. These are also invested in 

connective-tissue sheaths, but extend in many directions. 

The tarsos is responsible for locomotion, prey capture, and, 

in females, the molding of egg cases. The sole of higher 

gastropods is sometimes divided by transverse grooves into 

an anterior propodium, middle mesopodium, and posterior 

metapodium. The mesopodium is the locomotory region and 

the metapodium bears the operculum. The propodium is 

reduced or absent in most prosobranchs except the moon 

snails, where it is greatly expanded. 

Locomotion 
The foot of almost all gastropods is involved in locomotion. The 

surface of the sole of the typical gastropod foot is broad and flat 

and variously adapted for locomotion over a variety of substrates. 

In most gastropods, the sole is ciliated and provided with abun- 

dant secretory gland cells or, in the pulmonates, with a large 

pedal gland. The glands secrete mucus to create a mucous trail 

over which the animal glides. Some very small snails, as well as 

some species that live on sand and mud bottoms, move by ciliary 

propulsion, but most rely on muscles. 

Most hard-bottom gastropods, terrestrial pulmonates, and 

even large, soft-bottom species move rapidly by propelling 

waves of muscular contraction that sweep along the sole of the 

foot. The sole is firmly anchored to the substratum by sticky, 

gelatinous mucus except in a wave, where the mucus is lique- 

fied to permit the foot to slide forward. In species with direct 

waves (see the discussion below), the mucus changes very 

rapidly from firm gel to liquid sol as a consequence of the 
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Diodora aspera Onchidella hildae the ditaxic condition so that locomotion may be direct mono- 
taxic, direct ditaxic, retrograde monotaxic, or retrograde 

ditaxic. The most common pattern among prosobranchs is 

retrograde ditaxic. Most pulmonates use direct monotaxic 

waves. In general, pedal waves, whether direct or retrograde, 

occupy about one-third of the foot length and only one or two 

waves are present simultaneously. Retrograde ditaxic waves are 

often oblique (Fig. 12-32D). 

Tegula funebralis 

D 

FIGURE 12-30 Patterns of pedal waves in gastropods. 

A, Retrograde monotaxic waves in the keyhole limpet Diodora 

aspera. B, Direct monotaxic waves in the intertidal pulmonate 

slug Onchidella hildae. C, Retrograde ditaxic waves in the 

archaeogastropod Tegula funebralis. D, Direct ditaxic waves in the 

neogastropod Drupa morum. Wave sequence is from left to right in 
each case. Large, outlined arrows indicate the direction of the 

animal's movement and small, black arrows the direction of the 

waves, (from Miller, S. L. 1974. I he classification, taxonomic distribution, 

and evolution of locomotor types among prosobranch gastropods. Proc. 

Malacol. Soc. London. 41:233-272.) 

sheaiing force pioduced by contractions of the fine muscle 

bundles of the tarsos. Each wave performs a small step in liq- 

uefied mucus. 

There are many types of waves and wave-driven locomotion 
m gastropods. In some species monotaxic waves extend across 

the entire width of the foot (Fig. 12-30A,B). In others, ditaxic 

waves extend only half of the width of the foot (Fig. 12-30C,D). 

Wave motion on the right side alternates with that on the left. 

Direct waves propagate from posterior to anterior in the same 

direction in which the snail is moving. Retrograde waves, on 

the other hand, pass from anterior to posterior, in a direction 

opposite that of the animal’s movement. 

Direct waves involve contraction of longitudinal and dor- 

soventral musculature beginning at the posterior end of the 

foot. Successive sections of the foot are in effect pushed 

forward. Retrograde waves involve contraction of transverse 

muscles, which, along with blood pressure, extends the front 
of the foot forward. This backward-moving wave of elongation 

is followed by the contraction of longitudinal muscles, and 

successive areas of the foot are pulled forward. Direct and ret- 

rograde waves may be associated with either the monotaxic or 

Habitat 
Gastropods evolved on rocky marine bottoms but have radi- 

ated into a wide variety of other habitats. Natural selection has 

resulted in close correlation among shell shape, locomotion, 

and habitat. In general, shells with low spires are more stable 

and better adapted for carriage upside down or on the vertical 

surfaces of rocks and vegetation. Shells with long spires are 

carried horizontally or even dragged over soft bottoms. Spines 

and other shell projections and sculpturing may contribute to 

shell strengthening, protection, stabilization in soft bottoms, 

burrowing, or even landing right-side-up if the animal is 

knocked off a rock. 

Limpets, abalones, and slipper snails are admirably adapted 

for clinging to rocks and shells, even in surf or strong cur- 

rents. All have low, broad shells that offer little resistance to 

flowing water. The large, mucus-covered foot (Fig. 12-31B) 

functions as an adhesive organ as well as a locomotory organ. 

The surrounding mantle skirt, which may bear tentacles, is an 

important sense organ. 

Homing behavior has evolved in several unrelated intertidal 

limpets, including Collisella, Patella, Fissurella, and Siphonaria. 

The limpet inhabits a slight depression, or “home,” in the rock 

surface, over which the edges of the shell fit snugly. When 

immersed by a flooding tide the animal wanders 10 to 150 cm 

away from its home as it browses on algae. It then returns to its 

home as the tide ebbs. Experimental studies indicate that hom- 

ing ability depends primarily on chemical cues in the mucus 

laid down by the limpet as it makes its feeding excursions. Hom- 

ing may reduce both intraspecific competition by establishing 

a grazing territory and desiccation and predation because of 

the tight fit into the home site. The mucus of some territorial 

horning species stimulates algal growth in the territory. 

Other marine snails, such as Ilyanassa obsoleta (Fig. 12-48A) 

and certain species of Nerita (Fig. 12-23C), use mucous trails to 

follow conspecihcs. Should they cross a trail, they follow it to 

reach aggregations of conspecihcs. They are able to determine 

the directionality of the trail from its mucous components. 

Some homing limpets backtrack their trails to the starting 

(home) position. Many terrestrial snails and slugs return to 

shelters beneath logs and stones, especially when the shelter is 

occupied by other individuals of the same species. The hom- 

ing cue appears to be a pheromone component of mucous 

trails or airborne pheromones from fecal pellets. 

Some prosobranchs and cephalaspid opisthobranchs 

(Fig. 12-34A) that live on soft sand bottoms have become 

adapted for burrowing. In the moon snails Natica and Polin- 

ices, the anterior region of the gastropod foot, called the 

propodium, is hypertrophied and acts like a plow and anchor 

while a dorsal, flaplike fold of the foot covers the head as 
a protective shield (Fig. 12-32A). The conch Strombus uses its 
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FIGURE 12-31 Limpets. A, Photograph of a small area of intertidal 

rock on the west coast of Scotland. Three specimens of the 

neogastropod Thais, which is not a limpet, are feeding on barnacles. 

Four limpets belonging to the genus Patella can be seen to the right 

and above the snails. Numerous barnacles have settled on the limpets' 

shells and on the rock. B, Ventrai view of the keyhole limpet Fissurella, 

showing the broad adhesive foot and the sensory tentacles on the 

mantle margin. 

foot to move over sand, but the mechanism is very different 

than that used by other gastropods. The large, stiff, clawlike 

operculum digs into the sand and the animal “poles" forward 

by rapidly extending the foot (Fig. 12-32B). 

A small number of gastropods are adapted for a sessile 

existence firmly attached to a substratum. The worm snails, 

members of three unrelated mesogastropod families (Vermeti- 

dae, Turritellidae, and Siliquariidae), have the customary tighdy 

coiled larval and juvenile shells, but as the animal grows, the 

whorls become completely separated. If the coils are regular the 

shell looks like a corkscrew, but often the shell is irregular 

(Fig. 12-33A). Worm snails attach their shells to sponges, other 

shells, or rocks, with the separated whorls providing greater 

Propodium 

Tentacle 

Dorsal fold of foot 

Shell 

Foot 

FIGURE 12-32 Benthic gastropods. A, Polinices, a burrowing 

gastropod (dorsal view). B, Lateral view of Strombus. The foot, 

indicated in black, is attached to the bladelike operculum. The 

operculum is inserted into the substratum and remains stationary so 

that extension of the foot propels the animal forward (to the right in 

the image). The dotted outline indicates the position of the snail before 

its leap. (B, From Morton, J. E. 1964. In Wilbur, K. M., and Yonge, C. M. 

(Eds.): Physiology of Mollusca. Vol. 1. Academic Press, New York.) 

surface area for attachment. The foot is reduced, but an opercu- 

lum is present (Fig. 12-33B). The turitellids are filter feeders that 

gather food with the gill and transfer it to the mouth in a 

mucous string. Some vermetids (Serpulorbis) use mucous strands 

up to 30 cm in length to trap plankton. 

A few gastropod taxa have independently become adapted 

for a pelagic life. These include the heteropods (mesogas- 

tropods) and the thecosome (Fig. 12-34) and gymnosome 

opisthobranchs, known as sea butterflies. In most of these 

taxa, the foot has become a finlike swimming organ, Ffet- 

eropods may have a large, gelatinous “body” and there may or 

may not be a shell (Fig. 12-35D). Ventrally there is a fin and 

small sucker, apparently derived from the foot. The mouth is 

at the anterior end and the animal swims upside down with 

the ventral fin uppermost. As raptors, heteropods have espe- 

cially well-developed sense organs. The largest pelagic gastro- 

pod is Carinaria cristata, which reaches lengths of 50 cm. 

Most of the pelagic opisthobranchs use a pair of lateral, 

winglike expansions of the foot known as parapodia for swim- 

ming. The pelagic pteropods, or sea butterflies, have anterior 
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FIGURE 12-33 Worm snails. A, A mass of vermetid worm snails. B, The worm snail Serpulorbis with three 
mucous threads. The shell has been removed. C, Interconnecting mucous nets extending from the apertures of 

adjacent worm snails. Only the apertures of the snails are drawn. (B, After Morton from Hyman, L. H 1967 The 
Invertebrates. Vol. VI Mollusca. Pt. I. McGraw-Hill Book Co., New York; C, From Hughes, R N, and Lewis, A. H. 1974. On the 

spatial distribution, feeding and reproduction of the vermetid gastropod Dendropoma maxima. J. Zool. London. 172(4):539.) 

parapodia that function as oars (Fig. 12-35A-C), and the ani- 
mals swim upside down. In the benthic sea hares, which swim 

intermittently, the large parapodia arise from the middle of 
the body and are very broad (Fig. 12-36A, 12-37). 

The common but minute species of the prosobranch 

Caecum, which live in sand, have short, tusklike shells. The 

pelagic violet snails, Janthina, float beneath a raft of bubbles 

secreted by the foot (Fig. 12-38A). The planktonic sea slugs, 

Glaucus and Glaucilla, hold a bubble of air in the stomach 
to maintain positive buoyancy. Coralliophilids, such as Magilis, 

which often have oddly shaped shells, bore into coral (Fig. 

12-38B). The carrier snail, Xenophora, attaches foreign objects, 

including other gastropod and bivalve shells, to its own shell 

with a secretion from foot glands (Fig. 12-38C). There are also a 

lew minute, naked, interstitial opisthobranchs (Fig. 12-28C). 

NUTRITION AND DIGESTION 

Gut 
Virtually every possible feeding mode is found in gastropods, 

and the morphology and physiology of the digestive system 

vary widely. Gastropods can be microphagous browsers, herbi- 

vores, carnivores, omnivores, scavengers, deposit feeders, sus- 

pension feeders, cytoplasm suckers, and parasites. Although 

there is no typical gastropod in terms of feeding habits and 

gut morphology, it is possible to recognize several features that 

are common to most or all gastropods. 

1. The gut consists of a mouth, buccal cavity, esophagus, stom- 

ach, intestine, rectum, and anus. 

2. A radula is usually employed in feeding. 
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FIGURE 12-34 Representative opisthobranchs. A, The bubble snail Hydatina, a cephalaspidean. B, Cavolinia, 
a shelled sea butterfly (pteropod; Thecosomata). C, The interstitial Microhedyle (Acochlidiacea). D, The slug 
Pleurobranchus (Notaspidea). E, Berthelinia, a gastropod with a bivalved shell (Sacoglossa). F# Elysia viridis, a sluglike 
sacoglossan. G, Aeolidia papillosa, a nudibranch with cerata (dorsal view). H, Glossodoris, a nudibranch with anal 
gills and no cerata. I, Dendronotus frondosus, a nudibranch with branched, treelike cerata. J, Doto chica, 
a nudibranch with cerata that look like clusters of grapes. (A, Modified from several authors; B, after a photograph by 

Abbott; C, After Odhnerfrom Hyman; D, After Vayassiere from Hyman, 1961; E, After Kawaguti from Hyman, 1961; F, After 

Gascoigne, T. 1915. Methods of mounting sacoglossan radulae. Microscopy 32:513; G, After Pierce; H, After a photograph by 

P. Zahl; I, From Thompson, T. E., and Brown, G. H. 1916. British Opisthobranch Molluscs. Academic Press, Fondon. p. 61.) 
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FIGURE 12-35 Pelagic gastropods. 

A-C, Swimming in the shelled (thecosome) 

sea butterfly Limacina. Arrows indicate the 

direction of movement of the parapodia. 

A, The recovery stroke; B, the beginning of 

the effective stroke; and C, the middle of 

the effective stroke. D, Carinaria, a pelagic 

heteropod in its upside-down swimming 

position. (A-C, After Morton, J. E. 1967. 

Molluscs. 4th Edition. Hutchinson University 

Library, London; D, After Abbot, 1954.) 

Anterior 
— tentacle 

and oral veil 

Seminal groove 

Gonopore 

Anus 

Foot 

Posterior 
tentacle 
(rhinophore) 

Siphon 

Purple gland 

Mantle and 
shell 

Mantle 
aperture 

Parapodium 

Opaline 
gland 

Mantle 
cavity 

A 

FIGURE 12-36 The sea hare Aplysia, an anaspidean 

opisthobranch. A, Diagrammatic dorsal view. B, Part of the 

gill cut horizontally to show its folded condition. (A, After 

Guiartfrom Kandel, E. R. 1979. Behavioral Biology of Aplysia. 

VP H. Lreeman and Co., San Lrancisco; B, Modified from Carew, T., 

Pinkster, H. M., Rubinson, K. and Kandel, E. R 1974. 

Physiological and biochemical properlies of neuromuscular 

transmission between identified motor neurons and gill muscle in 

Aplysia./. Neurophysiol. 37:1020-1040) 

3. Digestion is always at least partly extracellular. 

4. With tew exceptions, the enzymes for extracellular diges- 

tion are produced by the salivary glands, esophageal 

pouches, digestive ceca, or 

structures. 
a combination of these 

5. The stomach is the site of extracellular digestion and the 

digestive ceca are the sites of absorption and of intracellu- 

lar digestion, if such digestion takes place. 

6. As a result of torsion, the stomach has been rotated 180°, so 

the esophagus enters it posteriorly and the intestine leaves 
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natatory parapodia are extensions of the foot. (After Pruvot-Folfrom 

Farmer, W. M. 1970. Swimming gastropods (Opisthobranchia and 

Prosobranchia). Veliger 13(1): 73.) 

anteriorly (Fig. 12-16B.D, 12-39A). In the higher gastropods 

there has been a tendency for the esophageal opening to 

migrate forward toward a more customary anterior position. 

The mouth on the anterior head opens into the buccal 

cavity (Fig. 12-39A) and is typically surrounded by fleshy lips. 

In carnivorous species it is often at the distal tip of an eversi- 

ble, tubular proboscis (Fig. 12-14). Jaws composed of hard- 

ened, chitinous plates are sometimes present just inside the 

mouth, especially in pulmonates and opisthobranchs. The 

buccal cavity contains the radular sac and radula. If present, 

buccal glands secrete mucus into the buccal cavity. One or two 

pairs of salivary glands secrete mucus via ducts into the buccal 

cavity. Accessory salivary glands may be modified as venom 

glands, as in the cone snail Conus. 

In most gastropods the radula is a highly developed feeding 

organ that acts as a grater, rasp, brush cutter, grasper, harpoon, 

or conveyor. The total number of teeth varies from 16 to thou- 

sands and are almost always arranged in a longitudinal ribbon of 

transverse rows (except in the cone snails). Usually, each row 

bears a median tooth (rachidian), and to each side of the 

median tooth, lateral and marginal teeth appear in succession 

(Fig. 12-40). The median, lateral, and marginal teeth usually 

differ from one another in shape and structure and have differ- 

ent functions. The shape and arrangement of the radular teeth 

are species-specific and often important in classification and 

identification. 

Retracted, the typical radula is rolled along its edges to 

form a narrow band. When extended, the radula flattens out 

and acts as a broad rasp to scrape algae from rocks and mix it 

with mucus. When the radula is retracted, its lateral margins 

roll medially to transform the broad fan into a longitudinal 

FIGURE 12-38 A, The prosobranch violet snail Janthina, which floats beneath a raft of bubbles secreted by 

the foot. B, Magilus, a member of the Indo-Pacific Coralliophilidae that live embedded in coral. C, The carrier 

snail Xenophora, which attaches shells and other foreign objects to its own shell. (A, AfterFraenkel; B and C, 

Based on photographs by T. Abbott.) 
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FIGURE 12-39 Prosobranch gut. A, Diagram of the digestive tract of a typical archaeogastropod (Trochidae). 
Arrows show ciliary currents and rotation of the mucous mass (protostyle) within the style sac. B, Saclike stomach 
o a carnivorous prosobranch (Natica). The stomach has been opened dorsaliy. (A, After Owen; B, From Fretter, V., 

and Graham, A., 1994. British Prosobranch Molluscs. Second Edition. Ray Society Vol. 161. Ray Society, London.) 

guttei into which the food, mixed with mucus, is channeled. 

A string of mucous and food is formed within the gutter and 

pulled through the esophagus and into the stomach by the 

rotating protostyle. 

The esophagus exits the buccal cavity and connects it with 

the stomach. Its grooved walls often secrete mucus. It consists 

°f three regions, the anterior, middle, and posterior. The 
mid-esophagus is twisted by torsion so that its formerly ventral 
surface becomes dorsal. Esophageal glands present in some 

species secrete digestive enzymes into the lumen of the esoph- 

agus. In neogastropods, a gland of Leiblein secretes digestive 

enzymes into the mid-esophagus, which is separated from the 

anterior esophagus by a valve. 

The gastropod stomach resembles that of the generalized 

mollusc except that its polarity is reversed by torsion. Extracel- 
u ar digestion occurs in the stomach, using enzymes from the 

esophageal pouches and the digestive cecum. In primitive 

species the stomach is complex and equipped with ciliated 

soi ting fields and transport tracts (Fig. 12-39A). In carnivores 

and herbivores, it is simpler (Fig. 12-39B). A crystalline style 

may be present in species that feed on fine particulates, but is 

not found in macroherbivores, carnivores, or those that suck 

cytoplasm. Species with a crystalline style usually do not have 

esophageal glands. The style is a rod of digestive enzymes 

secreted by the epithelium of the style sac. 

The digestive cecum consists of right and left lobes, each 

composed of masses of tubules ultimately connected by a duct 
with the stomach lumen. Its epithelium is secretory (digestive 

enzymes) and absorptive. It secretes enzymes to be used for 

extracellular digestion in the stomach, phagocytoses particu- 
lates for intracellular digestion, and absorbs digested molecules 

for transfer to the hemocoel for storage. 

The intestine extends from the anterior end of the stom- 

ach through the visceral mass to open via the anus on the 
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right side of the mantle cavity. Its terminal portion is the 

rectum. Its role is chiefly in feces formation, packaging, and 

storage. 

Feeding and Systematics 

ARCHAEOGASTROPODS 

The most primitive feeding habit and digestive tract are 

found in the archaeogastropods. These are microphagous 

browsers, grazing on fine algae, sponges, or other organisms 

growing on rocks or kelps. Accordingly, the gut resembles 

that of the ancestral mollusc, which was also a microphagous 

browser (Fig. 12-39A). In the primitive patellogastropod 

limpets, the radula (Fig. 12-40A) is docoglossate (doco = 

beam or spear, glossa = tongue) and each row contains 13 

or fewer teeth. The teeth are stout and impregnated with 

iron and silicon. In most other archaeogastropods, however, 

the radula is rhipidioglossate (rhipidio = fan) and each row 

contains an abundance of teeth (Fig. 12-40B). Grazing by 

large populations of intertidal limpets may greatly depress 

the growth of algae. 

The stomach (Fig. 12-39A) is complex and resembles that 

described for the generalized mollusc except for the effects 

of torsion and the presence of a gastric cecum (not the 

digestive cecum). The esophagus enters the stomach on its 

right, posterior end near the ducts from the digestive 

cecum. The intestine exits at the anterior end. The surface 

area of the sorting field of most archaeogastropods is 

expanded by extending it into the long, spiraled gastric 

cecum. A longitudinal ridge, the major typhlosole, extends 

the length of the stomach from the gastric cecum to the 

intestine. It lies to the right of the longitudinal intestinal 

groove. The minor typhlosole is on the left of the intestinal 

groove. The typhlosoles and intestinal groove are ciliated. 

The cuticular gastric shield covers much of the wall of the 

posterior end of the stomach. Anteriorly, the stomach nar- 

rows to form a style sac from which the intestine exits. 

A protostyle composed of mucus and mineral particles is 

found in the style sac. Cilia of the epithelium of the style sac 

rotate the protostyle in the sac. 

The mucous food string extends from the radula through 

the esophagus into the stomach, where it is continuous with 

the protostyle so that rotation of the protostyle helps pull the 

string into the stomach. Within the stomach, food and 

mineral particles are released from the food string and mixed 

with enzymes from the esophageal glands and digestive 

cecum. Ciliary activity and muscular contractions mix the food 

particles and enzymes. The cilia of the sorting held tend to 

move organic particles into the digestive cecum, whereas the 

indigestible particles move anteriorly along the typhlosoles to 

ANTERIOR 
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FIGURE 12-40 Major types of prosobranch radulae. A. Docoglossate 
radula. Dorsal view of two transverse tooth rows of the limpet Patella 
(Patellogastropoda). The median tooth is small or absent in this type of 
radula. All other teeth have a single cusp except the dominant marginal, 
which is pluricuspid (with multiple cusps). The laterals and dominant 
marginals are pigmented (black) apically. The median and outer marginals 
are not pigmented. B, Rhipidioglossate radula: four transverse rows of the 
radula of the abalone Haliotis, a zeugobranch archaeogastropod. The 
marginal teeth on one side have been omitted. The median tooth is well 

developed and there are five laterals on each side. The needlelike 
marginals can be exceedingly numerous. C, Taenioglossate radula: two 
transverse rows of the mesogastropod Lanistes. D, Rachiglossate radula: 
two transverse rows of the radula of the neogastropod Buccinum. There 
are only three teeth to a transverse row, but the teeth bear several cusps. 
There are no marginals. E, Toxoglossate radula: a highly modified tooth 
from the radula of a cone snail. Conus. (A, B, D, andE, RedrawnfromFretter, 
V., and Graham, A. 1994. British Prosobranch Molluscs. Second Edition. Ray 
Society Vol. 161. Ray Society, London; C, Modified from Turner) 
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the style sac and intestine. Extracellular digestion is completed 

in the digestive cecum and absorption and intracellular diges- 

tion occur here. 

HIGHER GASTROPODS 

In association with their adaptive radiation into soft-bottom 

and pelagic habitats, the diets and feeding habits of the higher 

gastropods became extremely diverse, especially among the 

mesogastropods and opisthobranchs. Many higher gastropods 

are macrophagous animals that feed on large food items. 

Digestion has become entirely extracellular, taking place in the 

stomach. Because macrophagous feeding does not require the 

elaborate sorting equipment of the primitive molluscan stom- 

ach, it has been lost. The stomach is a simple sac without a gas- 

tric shield, sorting field, style sac, gastric cecum, or protostyle 

(Fig. 12-39B). Enzymes are supplied by the digestive cecum or 

by glands associated with the esophagus or buccal region. 

The highly adaptable taenioglossate radula (taenio = 

band) of mesogastropods has seven teeth in each transverse 

row (Fig. 12-40C). The neogastropods are mostly carnivores 

and have specialized radulae. Most neogastropods (Muri- 

coidea) have rachioglossate radulae (rachio = spine) with 

only three teeth (sometimes just one) per transverse row, but 

the teeth are heavy and usually bear several cusps (Fig. 

12-40D). The outer, hooked lateral teeth collect torn or 

detached particles and bring them into the center when the 

radula is retracted. The Conoidea (cones), which are also 

neogastropods, have a specialized toxoglossate radula (toxo = 

archer or bow) that delivers poison to the prey. It will be dis- 

cussed in a following section on carnivory. Only marginal 

teeth are present, and these are highly modified to form hol- 

low, venom-filled harpoons (Fig. 12-40E, 12-47). 
The largely macroherbivorous pulmonates have radulae 

with the largest number of teeth of any gastropod. There may 

be up to 750 small teeth per transverse row (Fig. 12-41 A). 

Opisthobranch radulae are highly variable. The efficiency of 

the radula results not only from the adaptive design of particu- 

lar teeth, but also from the complex ways in which the teeth 

interact with each other. 

Feeding Ecology 

HERBIVORES 

The many herbivorous gastropods include some marine 

prosobranchs, the freshwater prosobranchs, the operculate 

land snails, a variety of opisthobranchs, and a majority of the 

pulmonates. Most marine herbivores are either microphagous 

browsers that feed on fine algae or macrophages specializing 

in macroalgae, such as kelps and other seaweeds. Freshwater 

and terrestrial species consume the tender parts of aquatic 

and terrestrial vascular plants, decaying vegetation, or fungi. 

A few terrestrial snails and slugs are serious agricultural 

pests. The giant African snail Achatina fulica, introduced into 

Hawaii and the continental United States, can be very destruc- 

tive, and considerable effort has been expended to prevent 

its spread. 

Members of the mesogastropod family Littorinidae (peri- 

winkles or winkles) are found on rocky shores, mangroves, and 

even marsh grasses throughout the world. These widespread 

and often abundant snails live in the intertidal zone, each 

species occupying a characteristic level between the low-tide 

maik and the supratidal splash zone. At low tide the animal 

withdraws into its shell behind the operculum, attaching the 

lip of the shell to the substratum with mucus. At high tide it 

emerges to graze on microalgae, including endolithic species 

that penetrate into the rock surface. The gut contents include 

large quantities of mineral material that must be separated 

from the organic particles. 

l2Al ScanninSI electron micrographs of pulmonate radulae. A, The herbivorous snail Diastole 

position °US £U9landma mSea■ EaCh t0°,h' 3 '°"9 -ct when the radula is in a functional 
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FIGURE 12-42 Lateral section of the radula and buccal mass of 
the shell-less sacoglossan Limapontia. The single row of radula teeth 
is adapted for puncturing algal cells. Used teeth are discarded and 

o 

stored in a sac. (From Gascoigne, T, and Sartory, P. K. 1974. The teeth 
of three bivalved gastropods and three other species of the order Sacoglossa. 
Proc. Malacol. Soc. London. 41:11.) 

The sacoglossan opisthobranchs (Fig. 12-34E,F) are special- 

ized herbivores. In these tiny, sluglike gastropods the radula is 

reduced to a single, longitudinal row of teeth. The needlelike 

radular teeth used to penetrate algal cell walls are discarded 

into a sac, or ascus, after use (Fig. 12-42). The contents of the 

cells are then sucked out by a muscular pharynx. Sacoglossans 

tend to be specific in the species of algae they use for food. 

Members of the sacoglossan taxon Elysiidae retain and culti- 

vate the undamaged chloroplasts from their food and harvest 

the photosynthetic product. Epithelial cells in the digestive 

cecum phagocytose the chloroplasts but do not digest them. 

Instead, the photosynthetic organelles are kept alive in the gas- 

trodermal cytoplasm and are provided with the raw materials 

for photosynthesis. The resulting carbohydrates are shared 

with the host. Nudibranch sea slugs have long been known 

to sequester the nematocysts of their cnidarian prey. It has 

now been shown that some species that feed on octocorals 

also retain and nurture the zooxanthellae (photosynthetic 

endosymbiotic dinoflagellates) from their prey and utilize the 

photosynthetic product. 

Timpets living near hydrothermal vents in the deep sea 

maintain populations of filamentous sulfide bacteria on their 

gills. These prokaryotes are symbiotic chemoautotrophs with 

the metabolic machinery to utilize the energy of reduced sulfur 

compounds to reduce carbon dioxide. They then synthesize 

organic compounds from the reduced carbon using the same 

enzyme (RuBisCO) that is used by plants in the Calvin cycle. 

The resulting food molecules are shared with the limpet. 

In many macroherbivorous species, the esophagus or 

anterior part of the stomach is modified as a crop and gizzard. 

The gizzard may be lined with cuticle (as in the sea hares, 

which feed on large pieces of algae) or contain sand grains 

(convergent with many freshwater snails and also with birds). 

Amylases and cellulases are produced by the esophageal 

pouches or the digestive cecum. Terrestrial pulmonates, such as 

Helix, have a powerful array of digestive enzymes. Most digestion 
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FIGURE 12-43 Dissection of the 
land snail Helix. The mantle cavity 
(lung) has been opened on the 
right and its roof reflected to 
the left. The visceral mass has 
been opened to reveal the viscera. 
The hermaphroditic reproductive 
system has been displaced to the 
right. (Adapted from several sources.) 
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occurs in the large crop, which to a great extent replaces the 

stomach (Fig. 12-43). There is no gizzard. Cellulase has been 

reported, but it may be synthesized by bacteria in the crop or 

intestine. 

CARNIVORES 

Prosobranchs 

Most carnivorous gastropods are marine prosobranchs or 

opisthobranchs, although there are a few pulmonates that 

feed on earthworms or other pulmonates. The radula is 

variously modified for cutting, grasping, tearing, scraping, 

or transporting, and jaws are sometimes present. The most 

common adaptation of carnivorous prosobranchs is a highly 

extensible tubular proboscis with the mouth at its tip 
(Fig. 12-14), which enables the animal to reach and pene- 

trate vulnerable areas of the prey. The proboscis is part of 

the digestive tract and contains the esophagus, buccal cavity, 

and radula housed in a proboscis sheath, or sac (Fig. 12-44, 

12-45B). It should not be confused with the siphon, which 

is part of the mantle and is used as a snorkel to conduct 

water to the osphradium and gills (Fig. 12-14). In feeding, 

blood pressure extends the proboscis from the opening of 

the proboscis sheath. Specific proteins liberated by prey or 

carrion detected in the respiratory current aid in locating 

the food source and elicit protrusion and search with the 

proboscis. The whelk Buccinum undatum can identify a food 

source 30 m upstream, but it takes several days to reach it. 

Bottom-dwelling carnivores, especially large species of 

neogastropods and some mesogastropods, commonly feed 
on bivalve molluscs, other gastropods, sea urchins, sea stars, 

polychaetes, crustaceans, and even fish. Many burrow into 
the sand to reach their prey. Bonnets (Phalium), tuns (Tonna), 

Mouth 

Retractor 
muscles 

FIGURE 12-44 Dorsal view of the head of a carnivorous 
prosobranch, showing the proboscis. The gut is stippled. A, Proboscis 
protracted. The proboscis sheath disappears when the proboscis is 
protracted and the mouth is at the tip of the proboscis. B, Proboscis 
retracted. Note that the opening of the proboscis sheath is not the 
same as the mouth. (AfterFretter, V., and Graham, A. 1994. British Proso- 
branch Molluscs. Second Edition, Ray Society Vol. 161. Ray Society, London ) 

and tritons (Cymatium) incapacitate their prey with salivary 

secretions containing sulfuric acid or other toxins. Some hel- 

mets use a combination of sulfuric acid and the radula to 

cut a small window in the calcareous test of the sea urchins 

they feed on. They extend the proboscis into the window 

and remove the tissue with the radula. The pelagic Janthina 

(Fig. 12-38A) feeds on pelagic, floating siphonophores at the 

water surface. Some prosobranchs specialize in feeding on 

foraminiferans. 

Some olives and volutes smother the prey with their large 

foot. Some whelks (Buccinum, Busycon, Fasciolaria, Murex) may 

grip a bivalve with the foot, pulling or wedging the two valves 

apart with the outer lip of its aperture or siphonal canal 

(Fig. 12-46A). To accomplish the wedging, the gastropod may 

first erode the valve margin with the lip of its own shell. 

A number of prosobranchs are adapted for drilling holes in 

the shells of limpets, barnacles, and other molluscs, especially 

bivalves. The two families best known for this are the neogastro- 

pod Muricidae (Urosalpinx, Murex, Thais, Nucella, Eupleura) and 

the mesogastropod Naticidae (moon snails, Natica, Polinices). 

The mechanism has been most extensively studied in the Murici- 

dae, and particularly in Urosalpinx, which causes great damage in 

oyster beds. Both the American oyster drill, Urosalpinx, and the 

Japanese drill, Rapana, have been introduced into other parts of 

the world with shipments of oysters. 

Drilling is a combination of mechanical abrasion and chemi- 

cal breakdown of the shell. The anterior sole of the foot contains 

an eversible accessory boring organ that produces an acidic 

secretion. The snail everts the gland and holds it against the 

shell for about 30 minutes. The acid reacts with the insoluble 

calcium carbonate of the shell and dissolves it. It also degrades 

and weakens the protein matrix of the shell. The snail then uses 

its radula for about a minute to remove the softened shell 

material, then repeats the cycle until the shell is penetrated. 

Penetration is primarily a result of the chemical reaction rather 

than the drilling by the radula. Approximately 8 h are required 

to penetrate a shell 2 mm thick, and penetration to a depth of 

5 mm has been recorded. When drilling is completed, the 

proboscis is extended into the hole and the soft tissues of 

the prey are toin by the radula and ingested. Some muricids 

inject a muscle relaxant or toxin through the borehole. In the 

naticids the shell-softening gland is located at the proboscis tip 

lather than on the foot. Naticid boreholes have beveled sides, 

whereas those of muricids have parallel sides. 

One of the most remarkable taxa of carnivores is the tox- 

oglossan neogastropods, including the turrids, augers, and 

cone snails. Cone snails (Conidae) are tropical and subtropical 

and are found mainly in the western Atlantic and Indo-Pacific 

Oceans. They feed primarily on polychaete worms, other gas- 

tropods, and even fish, which they stab and poison with their 

radular teeth. The odontophore has been lost and the radula is 

gitatly modified (Fig. 12-47A). The teeth are long, grooved, 

hollow, and barbed at the end (Fig. 12-40E, 12-47B). They are 

attached to the radular membrane by a fragile, slender cord of 

tissue. The teeth are loosely arranged in the radular sac and 

there is no conventional radular ribbon. A large, muscular 

bulb pumps poison to the buccal cavity and radular sac. The 

toxin is secreted not by the bulb, but by the epithelium of its 

duct. The teeth in the radular sac are immersed in the venom, 

which fills and coats them. The teeth are disposable, and each 

tooth is used only once and replaced by another tooth from 
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FIGURE 12^15 Gastropoda. Several views of the whelk Busycon canaliculatum, showing aspects of its soft 
anatomy. The shell has been removed. A, Left side, showing external organs and internal organs visible through the 
integument. B, Left side, with digestive, respiratory, circulatory, and nervous systems emphasized. C, Female, showing 
a portion of the right side with the mantle and columellar muscle intact. D, Male, showing a portion of the right side 
with the mantle and columellar muscle removed. In A and B, the proboscis is extended. In C and D, it is withdrawn. 

the radular sac. Only one tooth is in use at any given time and 

the current active tooth is attached to the tip of the long, 

highly maneuverable proboscis (Fig. 12-47A). 

The proboscis is protracted rapidly so that its tip strikes the 

prey with force, embedding the single active tooth in the prey. 

In most species the tooth falls free of the proboscis and 

remains embedded in the prey. In those species that feed on 

fish (Fig. 12-47C), the snail lies buried in the sand and does 

not strike until the fish pauses over the bottom. The harpoon 

is then thrust into the soft belly of the prey, and the cone 

FIGURE 12-46 Prosobranch feeding. A, Buccinum using the edge of its shell to pry open a cockle. B, The 
triviid Erato voluta feeding on a colonial tunicate. The proboscis is thrust into the buccal opening of the 
tunicate. The shell is partially covered by the reflexed mantle. (A, From Nielsen, C. 1975. Observations on 
Buccinum un datum attacking bivalves and on prey responses, with a short review on attack methods of other prosobranchs. 
Ophelia 13:87-108; B, From Fretter, V. 1951. Some observations on British cypraeids. Proc. Malacol. Soc. London. 29:15.) 
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FIGURE 12-47 Feeding mechanism of cone snails (Conus). A. Buccal apparatus of Conus striatus. B, Scanning 
electron micrograph of the harpoonlike radula tooth of Conus imperialis. Note the folded structure and barbed 
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- (A Modified after Clench; C, Based on a photograph by Robert F. Sisson and 

retains a giip on the end of the tooth. The victim is quickly 

immobilized by the neurotoxic poison, which enters the 

wound through the hollow cavity of the tooth. The toxins dif- 
fer with species, but are small oligopeptides effective in minus- 

cule concentrations. The bite, or sting, of some South Pacific 

species is dangerously toxic to humans and a few deaths have 

been reported, in one case within 4 h. 

The pelagic heteropods (Fig. 12-35D) feed on other small, 

pelagic invertebrates and are the prosobranch ecological 

equivalents of the opisthobranch sea butterflies (gymno- 
somes). The cowries, which are mesogastropods, resemble 

tie opisthobranch nudibranchs in being grazers that feed 

on sessile invertebrates. The cowrie Erato voluta feeds on the 

small, individual zooids of colonial tunicates (Fig. 12-46B). 

The cowrie crawls over the surface of the colony, inserts its 

proboscis into the zooid, and removes the tissues with the 

radula. 

Opisthobranchs 
There are many carnivorous opisthobranchs, the principal 

laptorial taxa of which are the naked sea butterflies (gymno- 

somes) and many bubble snails (bullomorphs). The former 

prey on shelled sea butterflies (thecosomes) and the latter on 

bivalves and gastropods, which are seized with the hooked 

teeth of the radula and swallowed whole. 

The nudibranchs are grazing carnivores that feed on sessile 

animals such as hydroids, sea anemones, soft corals, bryozoans, 

sponges, ascidians, barnacles, and fish eggs. Each family of 

nudibranchs is typically specialized for one type of prey. There 
usually is no proboscis, but jaws are commonly present. In the 

Aeolidiidae (Fig. 12-34G), most of which feed on hydroids and 
sea anemones, the two bladelike jaws are used to cut small 

pieces of tissue from the prey. 

Nudibranchs that prey on cnidarians usually ingest, save, 
and utilize the prey’s undischarged nematocysts. Ironically, the 
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FIGURE 12-48 Gastropoda. A, An aggregation of the mud snail llyanassa obsoleta feeding at low tide. This 

intertidal prosobranch scavenger and deposit feeder occurs in enormous numbers on protected beaches on the 

east coast of the United States. B, The sea butterfly Gleba cordata feeding from its large, delicate, mucous web 

(mw). A winglike parapodium (wp) and the long proboscis (ep) are the only visible parts of the snail. 

nematocysts, which failed to protect their rightful owner, are 

used by the predator for its own defense. The nudibranch eats 

the chidarian and ingests the nematocysts without discharging 

them. Ciliary tracts in the stomach and digestive ceca carry 

undischarged, even immature, nematocysts to the cerata, 

where they are stored in cnidosacs at the distal tips of the 

cerata. The nudibranch discharges the stored nematocysts for 

defense by some unknown mechanism. Although cnidarians 

typically possess several types of nematocysts, the nudibranchs 

select and use only a subset of those available. The pelagic 

nudibranch Glaucus, which feeds on pelagic cnidarians includ- 

ing the Portuguese man-of-war, can inflict a sting as serious 

as that of the man-of-war itself. Nudibranchs with stinging 

capability are typically aposematically pigmented (a bright 

warning coloration) and are known for their flamboyant color 

patterns. 

SCAVENGERS AND DEPOSIT FEEDERS 

A scavenging habit has been adopted by numerous gastropods, 

of which Nassarius and llyanassa are notable examples. The 

feeding habits of these little neogastropods cover the range 

from carnivory to deposit feeding. On quiet, protected beaches 

along the Atlantic coast of the eastern United States, the mud 

snail llyanassa obsoleta may occur in enormous numbers at low 

tide, feeding on organic material deposited in the intertidal 

zone (Fig. 12-48A). The snails aggregate in herds and are not 

uniformly distributed over the flat. This species is also a faculta- 

tive carrion feeder and consumes the flesh of fresh fish. 

Along the coasts of Britain and Europe the tiny, deposit- 

feeding mesogastropod Hydrobia occurs in densities as high as 

30,000/m2 on muddy, intertidal flats. Other deposit feeders 

include many common species of horn snails (Cerithium, 

Cerithidea, Batillaria). The conch Strombus and the related 

burrower Aporrhais are deposit feeders or grazers on fine 

algae, with a large, mobile siphon that sweeps across the bot- 

tom like a vacuum cleaner. 

SUSPENSION FEEDERS 

Although more typical of bivalves, suspension feeding by 

various mechanisms has evolved several times in the gas- 

tropods. Any suspension feeder must have some mechanism 

for concentrating suspended particles by separating them 

from a much larger volume of water. Filtering is one such 

mechanism, but there are others. Gills or mucous nets may be 

used to filter a water current, or particles may be allowed to 

settle passively onto a mucous sheet. Cilia are often, but not 

always, involved in suspension feeding. 

The mesogastropod slipper snail, Crepidula, is a filter-feeding 

suspension feeder. The gill has been enlarged by lengthening 

its filaments to form a filter (Fig. 12-49). Water enters the man- 

de cavity on the left, as in other prosobranchs, and passes 

between the gill filaments to the right. Particulates, such as phy- 

toplankton, are trapped in a sheet of mucus on the upstream 

side of the filaments. Cilia move the mucus and its trapped par- 

ticles to the right edge of the gill, where they are transferred 

to a longitudinal, ciliated groove on the body. This groove 

transports the mucus string anteriorly toward the mouth to be 

ingested. 

Many of the sessile worm snails (Turritellidae and Vermeti- 

dae) use their gills as a food-trapping surface. Others secrete 

a net or veil of mucous threads in the vicinity of the shell 

aperture and allow suspended particles to settle from quiet 

water onto the mucus, which is then ingested. The net is pro- 

duced by the pedal gland, laid down by pedal tentacles, and 

spread by wave action (Fig. 12-33B,C), and may cover as much 

as 50 cm of area in Serpulorbis squamigerous of the American 

Pacific coast. In the Red Sea, Dendropoma maxima takes 2 min 

to haul in the net with its radula, which it does every 13 min. 

The shell-bearing sea butterflies (thecosomes) are suspen- 

sion feeders that trap food particles in the mucus covering the 

parapodia on their mantle cavities. Some sea butterflies, such as 

Gkba and Corolla, secrete enormous, floating mucous nets up to 

2 m in diameter (Fig. 12-48B). The animal hangs beneath the 

net by its extended proboscis, the cilia of which pull in the food 

particles trapped in the net. There is no radula. 

A crystalline style is found in many suspension feeders, 

deposit feeders, and grazers, including Crepidula, Struthiolaria, 

many worm snails, Strombus, Nassarius, Cerithium, and some 

sea butterflies. Like filter feeding, the style is more typical of 

bivalves than gastropods. The presence of a crystalline style in 

gastropods is associated with the more or less continuous feed- 

ing on small particles of phytoplankton or organic detritus. 
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FIGURE 12-49 Suspension feeding. A, The slipper snail Crepidula fornicata, a ciliary feeder (ventral view). 
B, Anterior view of Crepidula, showing the direction of the water current (large, outlined arrows) through the 

mantle cavity. Ciliary currents (small arrows) carry food particles. Dashed lines indicate filtering sheet of mucus. 

Coarse particles are removed by the mucous web at the entrance to the mantle cavity; fine particles are trapped 

by the mucous sheet on the gill. The latter is driven by the frontal gill cilia to a food-collecting groove along 

the side of the body, where it is rolled up into a string and periodically pulled into the mouth by the radula. 

(B, Redmxvn and modified from Morton.) 

PARASITES 

Parasitism has evolved independently in several gastropod 

taxa, and it includes several levels of specialization — epi- 

zoic, ectoparasitic, and endoparasitic relationships. The het- 

erostroph Pyramidelloidea is the major parasitic taxon of 

gastiopods. They are small (1 to 3 mm) ectoparasites on 

bivalves and polychaetes that have required relatively minor 

modification to suit them to parasitic life. Their adaptations 
are chiefly of the buccal region and digestive system. They 

lack a radula and gill but have a long proboscis, chitinous jaws, 

stylets, and a pumping pharynx for sucking blood from the 

host (Fig. 12-50A). The spiral shell and operculum are dis- 

tinctly snail-like. 

The other major taxon of gastropod parasites is Eulimoidea, 

whose members live on or in echinoderms. Members of Eulim- 

idae, such as Stilifer, are snails with a heavy proboscis that is 

extended through the host’s test deep into its body cavity (Fig. 

12-50B). The presence of the snail induces the host to secrete 

a gall that encloses the snail. The eulimids are more highly 

modified for parasitism than are the pyramidellids, but they 
are still easily recognizable as snails. 

The most modified parasitic snails are members of Ento- 

conchidae, also in Eulimoidea, which live in the perivisceral 

coelom of sea cucumbers and are so highly modified for 

parasitism that the wormlike adults are unrecognizable as 

molluscs (Fig. 12-50C). Entoconcha has a rudimentary mouth 

and gut and attaches to a blood vessel, but Enteroxenos has no 
mouth or gut and absorbs nutriment through the body wall. 

emale Enteroxenos individuals may reach lengths of 15 cm and 

aie themselves host to parasitic dwarf males, which fertilize 

their eggs. Culminating the evolutionary sequence is Parenterox- 

enos, which reaches lengths of 130 cm and is a hollow sac with 

no oigan systems other than the reproductive. Development of 

eulimnodeans includes a veliger larva with a typical coiled 

gastropod protoconch. Young snails probably enter the perivis- 

ceral coelom of the host by boring through the body wall with 

the pioboscis. They then transform into an adult parasite, 

which is unrecognizable as a mollusc. 

EXCRETION 
The maiine gastiopods are mostly ammonotelic, meaning that 

ammonia is the end product of their protein metabolism, and 

much nitrogen is lost by diffusion of ammonia across the body 

and gill sui faces. Freshwater and amphibious species may 

be ammonotelic or ureotelic; terrestrial species usually are 

uricotelic. Intertidal species may alternate between being uri- 

cotelic when the tide is out and ammonotelic when immersed 
by the flooding tide. 

The ancestral gastropod had two nephridia (Fig. 12-26), as 
do the living vetigastropods and neritimorphs (Fig. 12-51). 

The right nephridium has been lost by almost all living gas- 

tiopods, although a small section of it is retained as part of the 

gonoduct (Fig. 12-51). Only the patellogastropods retain the 

right kidney instead of the left. 

As a result of torsion, the nephridium is located anteriorly 

in the visceral mass (Fig. 12-26). It is a blind sac surrounded by 

the hemocoel. Its walls are folded to increase the surface area 

fin secretion and absorption to and from the surrounding 

blood. At the end of the sac, near the nephridiopore, the 
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FIGURE 12-50 Parasitic gastropods. A, The pyramidellid Brachystomia, an ectoparasite, feeding on the body 

fluids of a clam. B, The parasite Stilifer embedded in the body wall of a sea star. C, The endoparasite Entoconcha 

in the body cavity of a sea cucumber. (A and B, After Abbott, 1954; C, After Baurfrom Hyman, 1967) 

Mantle cavity 

FIGURE 12-51 Diagrammatic dorsal view of an archaeogastropod 

(Trochacea) showing the relationship of the right gonad to the 

nephridia. The gonad opens into the renopericardial canal of the right 

nephridium. In the higher gastropods the right nephridium is lost, but 

its duct is retained by the gonad as the middle region of the genital 

duct. (From Fretter, V, and Graham, A. 1962. British Prosobranch Molluscs. 

Second Edition. Ray Society Vol. 161. Ray Society, London, p. 283.) 

kidney connects with the pericardial cavity via a renopericar 

dial canal (Fig. 12-52, 12-26, 12-51). The nephridiopore of the 

prosobranchs and the lower opisthobranchs opens at the rear 

of the mantle cavity, on the downstream side of the gills, and 

wastes are removed by the respiratory water current. 

Urine formation is like that in other molluscs. Pericardial 

glands with podocytes in the walls of the atiium and some- 

times the ventricle produce an ultrafiltrate in the pericardial 

cavity, which then flows through the renopericardial duct into 

the nephridium (Fig. 12-52). Selective absorption and secre- 

tion by the nephridial epithelium modifies the primary urine 

and converts it to the final urine, which is released from the 

nephridiopore in the mantle cavity. 

In terrestrial pulmonates urine cannot be released into the 

posterior end of the mantle cavity because no water circulates to 

carry wastes away. As a result, the nephridial tubule has length- 

ened to form a ureter extending along the right wall of the man- 

tle to open near the anus and the pneumostome (Fig. 12-43). 

Freshwater gastropods maintain a low blood osmolarity and 

the nephridia reabsorb salts so that copious hyposmotic urine 

is released. Terrestrial pulmonates and operculate land snails 

conserve water by converting ammonia to relatively insoluble 

uric acid. Because terrestrial pulmonates have no pericardial 

glands, they do not form an ultrafiltrate. The renopericardial 

canal is small, and a concentrated urine results largely from 

nephridial secretion, with scant water. This is also true of some 

intertidal prosobranchs, such as the littorinids. 

Terrestrial pulmonates cannot avoid losing water with 

the large amounts of slime they produce for locomotion 

and by evaporation from the body and lung surfaces. Many 

pulmonates, however, can survive extensive desiccation. The 

escargot, Helix, can tolerate a water loss equal to 50% of 

its body weight and the slug, Limax, can survive an 80% loss. 

Nevertheless, the majority of pulmonates require a humid 

environment. They tend to be nocturnal and inhabit humid 
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FIGURE 12-52 Blood flow in the periwinkle 
Littorina littorea. The hollow arrows indicate urine 
flow, the solid arrows blood flow, and the dashed 
arrows ultrafiltration. (Simplified and redrawn from 

Andrews, E. B., and Taylor, P. M. 1988. Fine structure, 

mechanism of heart function and haemodynamics in the 

prosobranch gastropod mollusc Littorina littorea (L.). 

J. Comp. Physiol. B 158:247-262.) 

environments, such as areas beneath logs or in leaf litter on 

forest floors. Some pulmonates, however, inhabit dry, rocky 

areas; sand dunes; and even deserts, but are active only at 

night or following rain. 

During periods of unfavorable weather, terrestrial gastropods 

may become torpid, either by hibernating in cold weather or 

estivating in hot, dry7 weather by becoming inactive and lowering 

the metabolic rate. Before entering torpor, they may first burrow 

into humus or soil or climb into vegetation and attach the 

aperture edge of the shell with dried mucus. Estivation in 

elevated positions is probably an adaptation to avoid ground- 

dwelling predators such as mice, reptiles, and beetles. Terrestrial 

prosobranchs close the aperture with the operculum, but 

pulmonates have no operculum and secrete a substitute known 
as an epiphragm, which is made of mucus or, occasionally, 

calcium carbonate. The edges of the mantle are drawn together 
in front of the aperture and a sheet of mucus is secreted over the 

opening. The sheet hardens when it dries. Sometimes a thin 

calcareous membrane is secreted to protect the aperture. 

Several epiphragma may be secreted in succession as the snail 

withdraws farther and farther into the shell. 

Freshwater snails also estivate when temporary ponds dry 

UP and hibernate when the water freezes. Estivation may last 
a number of months, and there are records of snails estivating 

for several years. Reactivation commonly results from tempera- 

ture change, a rise in humidity, or mechanical disturbance, 

such as raindrops striking the shell. Handling can also cause 

the snails to break estivation. 

INTERNAL TRANSPORT 
Tlie gastropod hemal system is similar to that of the generalized 

mollusc except that torsion has moved the pericardial cavity 
an< heart horn the original posterior location to a new position 

m the antenor visceral mass (Fig. 12-16B) and there is only one 

atrium in most species. In the early gastropods the heart was 

diotocardian (Fig. 12-26) and each atrium received oxygenated 

blood from one of the two gills. Among living gastropods, only 

vetigastropods and neritimorphs are diotocardian, and in all 

higher gastropods the right gill and right atrium are lost (Fig. 

12-14B, 12-43). The ventricle and atrium are muscular, the 

ventricle more so than the atrium. The atrial wall contains 

podocytes and is the site of ultrafiltration. Arteries and veins 

consist of circular muscle and connective tissue. The hemocoel 

consists of two major spaces, the cephalopedal and visceral 

hemocoels. The hemocoelic spaces are referred to as being 

“open” because they are not lined by an endothelium, although 

they may be large sinuses or small, vessel-like, or even capillary- 

like channels. Veins drain blood from the hemocoelic spaces 

back to the heart. 

In a typical gastropod, such as the mesogastropod Littorina, 

the ventricle receives oxygenated blood from the atrium and 

pumps it into a system of major vessels, the aortae (Fig. 12-52). 

The posterior aorta (visceral aorta) supplies the visceral 

hemocoel and the anterior aorta (cephalic aorta) feeds into 

the cephalopedal hemocoel of the head and foot. The aortae 

may deliver blood to small vessels or to large blood sinuses 

where exchange with the tissues occurs. Unoxygenated blood 

returning to the heart passes over the nephridium and then 

enters the gill through the afferent branchial vessel. Following 

oxygenation, the blood exits the gill through the efferent 

branchial vessel to the atrium. In the pulmonates, all blood 

returning to the atrium passes through the pulmonary plexus 

(capillary network) in the roof of the lung (Fig. 12-43). 

The morphology of the blood spaces is partly related to the 

local function of the blood. Gastropod blood serves as a medium 

foi internal transport, but it is also a hydrostatic skeleton. In 

regions where the major role of the blood is hydraulic, the 

hemocoel is likely to be a large sinus, as in the head/foot of 
the abalone, Haliotis. Where the blood is mostly involved in 

exchange of materials with the tissues, the hemocoel is likely to 
be capillary-like, as in the visceral hemocoel of Haliotis. 

The respiratory pigment hemocyanin is dissolved in the 

plasma of prosobranchs and pulmonates. The freshwater 
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Planorbidae (pulmonates) have hemoglobin instead of hemo- 

cyanin in the plasma. The tiny mesogastropod commensal snail, 

Cochiolepis parasitica, which lives under the scales of a large poly- 

chaete, has hemoglobin and its tissues are bright red and easily 

visible through its transparent shell. Myoglobin is frequently 

present in muscles, especially those of the buccal mass, and 

gives them a red or orange color. Opisthobranch gas transport 

mechanisms are poorly known, but some species of sea hares 

(such as Aplysia) have hemocyanin whereas others lack it. 

NERVOUS SYSTEM 
The gastropod nervous system is similar to that of the general- 

ized mollusc except that it is torted, at least in prosobranchs, 

and it tends to be cephalized. Prior to torsion, the nervous 

system is bilaterally symmetrical and consists of the cerebral, 

pedal, pleural, buccal, esophageal, and visceral ganglia and 

their commissures and connectives (Fig. 12-17A). 

Although torsion twists the nervous system, it affects only the 

parts that pass from the head-foot to the visceral mass. Thus the 

anterior nervous system, consisting of cerebral, pleural, and 

pedal ganglia, is unaffected, but the system posterior to the 

pleural ganglia, consisting of the visceral and esophageal ganglia 

and the visceral cords, is altered. The visceral cords are twisted 

into a visceral loop that resembles a figure eight (Fig.l2-17B). 

Further, torsion twists the gut on its long axis in the vicinity of 

the mid-esophagus so that the stomach and visceral ganglia, 

which were originally ventral to the esophagus, are now dorsal to 

it (Fig. 12-53). The right esophageal ganglion is moved dorsally 

and to the left of the esophagus to become the supraesophageal 
ganglion and the left esophageal ganglion moves ventrally and 

to the right to become the subesophageal ganglion. 

This twisted, or streptoneurous, condition is a distinctive 

feature of the primitive gastropod nervous system that is 

common to all prosobranchs. The ganglia of the primitive 

nervous system are separated by long connectives and are 

distant from each other, so the system is not concentrated 

(condensed, cephalized). The length of the connectives delays 

DORSAL 

communication between the cerebral and other ganglia. Such 

a nervous system is found, with some modifications, in many 

early prosobranchs. 

In the higher gastropods, the primitive asymmetrical strep- 

toneurous pattern is obscured by two strong evolutionary trends. 

First, there has been a tendency toward both cephalization and 

fusion of ganglia by shortening the connectives between ganglia. 

This creates a concentrated, cephalized central nervous system 

with all the major ganglia closely associated with the nerve 

ring and adjacent to the major sense organs in the head (Fig. 

12-54A). Communication time between the cerebral ganglia and 

the other ganglia is minimized. 

The second evolutionary trend is the tendency for the 

ganglia and cords to adopt a secondary bilateral symmetry (Fig. 

12-54B) known as euthyneury. In most pulmonates and opistho- 

branchs the nervous system has detorted and the visceral loop 

has untwisted and become symmetrical once more, similar to 

the condition shown in Figure 12-17A. Because they share this 

pattern, the pulmonates and the opisthobranchs are grouped 

together in the taxon Euthyneura. Euthyneury (detorted) is the 

opposite of streptoneury (torted). 

Prosobranchs are streptoneurous, but even so, there is 

a tendency in the derived taxa to exhibit an approximation of 

bilateral symmetry. This functional bilateral symmetry, called 

zygoneury, is accomplished by adding a new connective 

between the right esophageal ganglion and the left pleural 

ganglion and another between the left esophageal ganglion 

and the right pleural ganglion. If you pencil these new 

connectives onto Figure 12-17B, the resulting bilateral symme- 

try will be apparent, but be sure to notice that the result is not 

the same as true euthyneury, in which the system detorts and 

comes to resemble Figure 12-17A. 

SENSE ORGANS 
Gastropod sense organs include eyes, tentacles, osphradia, 

statocysts, and a magnetic sense. The simplest gastropod eyes, 

found only in the primitive patellogastropods such as Patella, 

FIGURE 12-53 Lateral view of a generalized 

mesogastropod showing the effect of torsion on the 

nervous system. Anterior to the pleural ganglia, the system 

is unaffected by torsion and is bilaterally symmetrical. Only 

the visceral and esophageal ganglia and the visceral loop 

connecting them are altered and have become asymmetrical. 

The nervous system's pretorsional symmetry can be imagined 

by rotating it and the gut as indicated by the arrow. This 

would untwist the esophagus and place the visceral ganglion 

back in its original position ventral to the gut. The right 

cerebropedal and pleuropedal connectives have been 

omitted for clarity. (Redrawn from Fretter, V., and Graham, A. 

1994. British Prosobranch Molluscs. Second Edition. Ray Society Vol. 

161. Ray Society, London.) 
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FIGURE 12-54 A, Concentrated and cephalized nervous system of the neogastropod Busycon viewed 
from the right side. The visceral ganglia are remote from the cephalized complex of ganglia in the head. 
B, jecondarily symmetrical (euthyneurous) nervous system of the pulmonate Heiix viewed dorsally. The visceral 
cords are shortened and the system is highly concentrated. (A, After Pierce, M. In Brown, F. A. (Ed.): 1950. Selected 

Invertebrate Types. John Wiley and Sons, New York. pp. 318-319; B, Redrawn from Bullough, 1958) 

are simple, open pigment-cups on the surface of the head. 

This eye has a retina of photoreceptors enclosed by a pigment- 

cup, but it is open to the environment and there is no lens 

(Fig. 12-55A). In the higher gastropods the cup is closed and is 

a spherical vesicle with a lens and cornea, in addition to the 

ietina and pigment-cup (Fig. 12-55B). Scattered photorecep- 

tors that provide a sensitivity to light and dark independent of 

the more highly organized eyes often occur in the epidermis, 

especially on the siphon. 

The eyes may be situated at the base of the cephalic tenta- 

cles, but often they are on eyestalks. The stalks frequently fuse 

with the cephalic tentacles so the eye appears to be on the side 

of the tentacle (Fig. 12-14), or they may be independent of the 

cephalic tentacles and form a second set of posterior tentacles, 
as occurs in the stylommatophoran pulmonates (Fig. 12-28E). 

The eyes of most gastropods appear to function only in the 

detection of light, but those of some, such as the conch 

(Strombus) and the pelagic heteropods, are probably capable 
of forming an image and are used to detect predators, or, in 

the case of the heteropods, prey. 

A pair of closed vesicular statocysts is located in the foot 

near the pedal ganglia. They are innervated from the cerebral 

ganglia, however, not the pedal. Each statocyst is a fluid-filled 

capsule lined with a ciliated epithelium of sensory hair cells. It 

contains a calcareous statolith resting on the cilia of the hair 

cells. Statocysts are absent from sessile species, such as slipper 

and worm snails. They arise in the embryo as invaginations of 

the ectoderm (as does the inner ear of vertebrates). 

The osphradium is a characteristic feature of most proso- 

branchs and is also present in some opisthobranchs and 

aquatic pulmonates, although it is usually absent in terrestrial 

species. It is thought to have a chemosensory function, but 

there is speculation, without evidence, that it also plays a role 

in detection of sediment in the water. 

The evolution of the osphradium of gastropods closely par- 

allels that of the gills. In the stem gastropod and the primitive 

vetigastropods, an osphradium is present for each of the two 
gills. In all other prosobranchs the right osphradium is lost 

along with the right gill. The single remaining osphradium is 

located in the mantle cavity anterior to the attachment of the 

FIGURE 12-55 Eyes of two 
marine prosobranchs. A, The 
open pigment cup of Patella, 
a limpet. B, The closed pigment 
cup eye, with lens, of Murex. (Both 
after Helgerfrom Parker and Haswell, 
1951) 
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gill (Fig. 12-14B, 12-49A, 12-53). In the archaeogastropods and 

mesogastropods the osphradium is a simple ridge, but in the 

neogastropods it becomes a complex, bipectinate, gill-like 

structure with an expanded surface area. These prosobranch 

carnivores and scavengers can locate carrion, animal juices, or 

prey from large distances, as much as 2 m in the case of the 

scavenging whelk, Cominella, and 30 m in another whelk, 

Buccinum undatum. Higher gastropods continually wave their 

siphons about as they move over the bottom, selecting and 

monitoring water from various parts of the environment. 

The various cephalic, ocular, epipodial, and pallial tentacles 

of gastropods are all chemoreceptors, sometimes exclusively and 

sometimes in addition to having such other roles as photorecep- 

tion or mechanoreception. In opisthobranchs, the posterior pair 

of head tentacles is often elaborate, chemosensory rhinophores 

(Fig. 12-36A, 12-34A,G,H). Other areas of the epidermis, such as 

the foot margins and siphon, may also have chemoreceptors. 

Magnetoreceptors sensitive to a magnetic field have been 

found in the neogastropod mud snail, Ilyanassa obsoleta, and 

may also be present in some opisthobranchs. 

<3 

REPRODUCTION 
Most prosobranchs are gonochoric whereas pulmonates and 

opisthobranchs are hermaphroditic. The left gonad has been 

lost and only the right gonad is present. Primitively, the gonad 

occupied a coelomic space, the gonocoel, and connected with 

the exterior by a coelomoduct or modified metanephridium, 

the gonoduct. In Recent gastropods the original gonoduct has 

become a more complicated structure known as the genital 

duct, only part of which is the original gonoduct. The genital 

duct ranges from very simple in gonochoric gastropods with 

external fertilization (primitive prosobranchs) to extremely 

complex in hermaphroditic species with internal fertilization 

(pulmonates and opisthobranchs). The genital duct evolved 

in conjunction with the right nephridium, and in all gas- 

tropods it remains associated with the right kidney duct. 

Prosobranchs 
In the prosobranchs the gonad, either ovary or testis, is located 

in the spirals of the visceral mass near the digestive cecum (Fig. 

12-14B), and gametes are delivered to the mantle cavity by the 

genital duct. The gastropod genital duct, either oviduct or vas 

deferens, is derived from three sources, and its evolution can 

be traced in the phylogeny of the prosobranchs. 

In the ancestral gastropod and most vetigastropods, both 

nephridia are present and functional, but they are asymmet- 

rical (Fig. 12-51). The left kidney empties directly into the 

mantle cavity and is independent of the reproductive system. 

The gonoduct exits the right (and only) gonad and joins 

the right nephridium or its renopericardial duct (Fig. 12-26). 

Gametes are released from the gonoduct into the right 

nephridium and delivered by it to the mantle cavity. The right 

nephridiopore — also the gonopore — is located posteriorly in 

the mantle cavity. The genital duct of primitive prosobranchs 

thus has two origins, the right gonoduct and the right renal 

duct. In this type of reproductive system, the eggs are pro- 

vided, at most, with gelatinous envelopes produced by the 

ovary or the nephridium. There is no copulation, and external 

fertilization takes place in the sea after the gametes are swept 

out of the mantle cavity by the respiratory current. 

In all other gastropods, fertilization is internal with cop- 

ulation, and the genital duct is correspondingly complex. Cop- 

ulation requires, at a minimum, that the female genital duct 

have a space to receive the penis and a receptacle for the stor- 

age of sperm and that the male have an intromittent organ, or 

penis. If the system is hermaphroditic, it is even more com- 

plex, as equipment for both sexes must be present in each 

individual. If, as is usually the case, the eggs are enclosed in 

layers of nutritive material or protective envelopes, then still 

more specialization of the female duct is required. 

The complex genital duct developed in the higher proso- 

branchs and was inherited by pulmonates and opisthobranchs. 

In higher prosobranchs, the right kidney is lost except for 

a short segment, the renal duct, that remains as part of the gen- 

ital duct. Furthermore, the genital duct is considerably length- 

ened distally by a third addition, derived from the mantle 

epithelium, that extends the genital duct across the floor of the 

mantle cavity from the original posterior gonopore to a new 

gonopore at the anterior edge of the mantle cavity. This third 

section, the pallial duct, originated as a ciliated groove begin- 

ning at the posterior nephridiopore/gonopore, and it remains 

a groove in many gastropods, but in many others it has become 

a closed tube. The resulting complete genital duct consists of 

the proximal gonoduct, middle renal duct, and distal pallial 

duct or groove (Fig. 12-56). Although the gonoduct and renal 

duct remain relatively unspecialized, the pallial duct undergoes 

elaborate differentiation to produce a number of specialized 

regions that serve a variety of purposes, including sperm stor- 

age, egg capsule formation, and secretion of nutritive sub- 

stances and mucus. The freeing of the right nephridium from 

excretory functions and the subsequent development of a 

complex reproductive system probably was an important con- 

tribution to the dramatic success of the mesogastropods and 

neogastropods. 

B gland groove 

FIGURE 12-56 Reproductive systems of the mesogastropod 

Littorina. A, Female. B, Male. (A, from Fretter and Graham, 1962; 

B, Redrawn from Fretter, V., and Graham, A. 1994. Second Fdition. Ray Society 

Vol. 161. British Prosobranch Molluscs. Ray Society, London.) 
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Gastropod reproductive anatomy is highly variable. In males 
the genital duct is a vas deferens (sperm duct). In a representa- 

tive species, such as the mesogastropod periwinkle, Littorina 

(Fig. 12-56B), the gonoduct becomes a convoluted proximal vas 

deferens for sperm storage and transport. The renal portion 

of the vas deferens is a very short, unspecialized tube that con- 

nects the proximal vas deferens with the pallial region of the 

duct. The pallial duct is elaborated into a large prostate gland, 
which secretes prostatic fluid, and a ciliated sperm groove that 

extends across the floor of the mantle cavity. The margin of the 

mantle skirt is elaborated to form a tentacle-like intromittent 

organ, the penis, located on the right side near the cephalic 

tentacle (Fig. 12-14). The sperm groove extends to the tip of 

the penis. The pallial portion of the vas deferens is an open 

groove in some prosobranchs (neritids, littorinids, cerithiids) 

and a closed tube in others. Representatives of all three gastro- 

pod grades transfer sperm in spermatophores. For example, the 

sessile worm snails release spermatophores to drift in the water, 

where they are caught in the mucous nets of other individuals. 

In the female the genital duct is the oviduct. The pallial 

section of the oviduct of Littorina is secretory and modified 

to form a variety of glands as well as chambers for the recep- 

tion and storage of sperm (Fig. 12-56A). Among these are 

albumen, jelly, and capsule glands. These glands apply layers 

of nutritive and protective materials to the outside of the 

fertilized egg as it passes through this region of the oviduct. 

The albumen gland secretes a layer of nutritive albumen over 

the outside of the egg. Species such as Cerithium embed the 

eggs in jelly masses produced by the jelly gland, but in many of 

the higher prosobranchs, the eggs are enclosed in a protein 

capsule. There is a copulatory bursa and/or a seminal recepta- 

cle for the initial reception and long-term storage of sperm, 

respectively. Where both are present, the bursa receives the 

sperm from the penis. The sperm then move to the seminal 

receptacle for storage until fertilization at some later time. 

Fertilization occurs as the eggs leave the ovary and pass 

the seminal receptacle and before they enter the secretoiy, 

glandular regions where the various layers are applied. 

Neogastropods often have a tough, proteinaceous egg case 
whose shape is characteristic of the species (Fig. 12-57A,B). 

The fluid, plastic protein is secreted over the eggs as they pass 

through the capsule gland. The still malleable capsule, with 

eggs inside, exits the gonopore and passes to a pedal gland on 

the foot where it is molded into the shape characteristic of the 

species, allowed to harden, and then attached to the substra- 

tum. The capsules typically contain a characteristic number of 

eggs. Development occurs in. the capsule and young snails 

eventually emerge from a weak spot in the capsule wall. The 

oyster drill Urosalpinx, for example, deposits from 7 to 96 such 

cases containing 4 to 12 eggs each during a breeding season. 

The mesogastropod moon snails Natica and Polinices produce 

a thin collar about 10 cm in diameter that is composed of 

sand grains held together by jelly. Within the sand are small, 

jelly-filled chambers containing eggs or embryos (Fig. 12-57C). 

A few prosobranchs, such as many of the patellogastropod 

limpets and the mesogastropod slipper snails Crepidula are 

protandric hermaphrodites that begin life as males and change 

to female as they age and grow. The sessile slipper snails 

Crepidula fomicata (Fig. 12-49) live in stacks of as many as 12 indi- 
viduals, in which they maintain a constant position, facing in the 

same direction with the right margins aligned above each other 

(Fig. 12-57D). Juxtaposition of the right margins facilitates the 

insertion of the penis of one individual into the female gono- 

pore of an individual lower in the stack. In the immature 

ovotestis (the hermaphroditic gonad), the male cells mature 

first, so young individuals are functionally male. Thus, the young 

specimens on top of the stack begin life as males having the 

responsibility of fertilizing the older females below. As the upper 

individuals age, their female cells mature and they become func- 

tional females. They can then be fertilized by any younger males 

that have settled above them. The sex of each individual is influ- 

enced by the sex ratio of the stack, presumably controlled by 

A 
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FIGURE 12-57 Prosobranch reproduction. 
A, Protein egg cases of the whelk Busycon carica. 

The many individual cases, each shaped like an 
oval pill box about 3 cm in diameter and up to 
8 mm thick, are connected by a protein cord. 
There may be as many as 100 eggs per disk, but 
the average is about 40 and there are typically 
80 to 130 disks on the cord. Development is 
direct and the little whelks emerge from a hole 
at the margin of each disk. Although the empty 
cords of cases often wash up on beaches, the 
cases are produced while the female whelk is 
buried in the sand and remain anchored in the 
sand until the young snails depart. B, Protein 
eggs cases of the cone snail, Conus. C, Section 
through the sand egg case of a moon snail 
showing the small, jelly-filled egg chambers in 
the sand matrix. D, A stack of slipper snails, 
Crepidula fornicata, in life position. (Band C, 

After Abbott, R. T. 1954. American Sea Shells. Van 

Nostrand Co., Princeton, N. J.; D, From Hoagland, 

K. E. 1979. The behavior of three sympatric species of 

Crepidula from the Atlantic, with implications for 

evolutionary ecology. Nautilus 94(4):143-149.) 
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pheromones. An older male will remain male longer if it is 

attached to a female. If such a male is removed or isolated, it will 

change into a female. A scarcity of females influences some of 

the males to change sex. The transformation of the reproductive 

system is controlled by the nervous and endocrine systems. Once 

an individual becomes female, it remains so. 

Pulmonates and Opisthobranchs 
Pulmonates and opisthobranchs (Euthyneura) are mostly simul- 

taneous hermaphrodites, although the hermaphroditic gonad, 

the ovotestis, may not produce sperm and eggs at the same 

time. Copulation, with reciprocal sperm transfer, is typical in 

Euthyneura. The reproductive systems are very complicated 

and display endless variations (Fig. 12-43, 12-59B). 

In land pulmonates the sperm are usually exchanged in 

spermatophores and copulation is commonly preceded by 

a courtship involving circling, oral and tentacular contact, and 

intertwining of the bodies. Bizarre sexual behavior occurs in 

some species, particularly slugs, but also in some snails. In the 

shelled Helicidae {Helix, the garden snail or escargot), the 

vagina contains an oval dart sac, which secretes a calcareous 

dart^Fig. 12-43). When two snails are intertwined, one snail 

drives its dart into the body wall of the other. Copulation 

follows this rather drastic form of courtship. The dart shooter 

is stimulated to copulate, whereas the behavior of the dart 

receiver appears relatively unmodified. The process may have 

evolved as a means of inducing one individual to act as a male 

and the other as a female. 

Copulating limacid slugs (Limax) hang intertwined, like 

amorous bungee jumpers, from a mucous cord attached to 

a tree trunk or branch. The penes of the two partners are 

extended to lengths of 10 to 25 cm (sometimes as much as 

85 cm) and are twisted together at the tips (Fig. 12-58A). Sper- 
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FIGURE 12-58 Pulmonate reproduction. A, Copulating pair of Umax 
pulmonate slugs. B, The very large (about 16 mm) egg of the pulmonate 
Strophocheilus. The calcareous eggshell has been partially removed to 
reveal the young snail within. (A, After Adams from Hyman, 1967) 

matophores are exchanged by the penial tips and carried back 

to the body by the retracting penes for storage prior to fertiliza- 

tion. Some pulmonates produce eggs with a calcareous shell 

(Fig. 12-58B). 

The reciprocal transfer of sperm has been carefully stud- 

ied in the opisthobranch sea hare Phyllaplysia taylori (Fig. 

12-59A,B). The two partners face each other head to head with 

their right sides juxtaposed. Each inserts its penis through the 

common gonopore and into the hermaphroditic duct (com- 

bined male and female genital duct) of its partner. Autosperm 
(sperm produced by an individual for transfer to its partner) 

has previously been produced by spermatogenesis in the 

ovotestis and stored in the seminal vesicle. During copulation 

an individual ejaculates autosperm from the vesicle into the 

hermaphroditic duct of its partner (Fig. 12-59B, heavy arrows). 

At about the same time, the individual receives an ejaculation 

of allosperm (sperm received by an individual from its part- 

ner) from the mate. The allosperm are stored in the seminal 

receptacle until fertilization and oviposition take place at 

a later time. The copulatory bursa (gametolytic gland) proba- 

bly destroys superfluous sperm. The two partners separate and 

each later uses the stored allosperm from its own seminal 

receptacle to fertilize its eggs prior to oviposition. 

During oviposition by the sea hare Aplysia, eggs leave the 

ovotestis and pass down the hermaphroditic duct. They receive 

a coating of albumen and are fertilized by allosperm ejected 

from the seminal receptacle. Thick layers of mucus and jelly 

are applied to the eggs and formed into spaghetti-like strings 

that are extruded from the common gonopore and attached 

to the substratum (Fig. 12-59C,D). Allosperm in the seminal 

receptacle are active, mobile, and capable of fertilizing eggs. 

Autosperm in the seminal vesicle are inactive, immobile, and 

incapable of fertilization. This insures that eggs en route 

from the ovary to the gonopore will not be self-fertilized by 

autosperm from the vesicle. 

DEVELOPMENT 
Archaeogastropods are broadcast spawners with external fer- 

tilization and planktonic trochophore larvae. Deposition of 

macrolecithal eggs in gelatinous strings, ribbons, or masses is 

characteristic of most mesogastropods and opisthobranchs, 

but neogastropods and some mesogastropods embed their 

eggs in an albumen mass surrounded by a protein capsule 

or case, which is usually attached to the substratum. The size 

and shape of the case, the nature of the wall (which may 

be leathery or gelatinous), and the number of cases attached 

together are extremely variable and characteristic of the 

species (Fig. 12-57A,B). 

Most aquatic pulmonates deposit their eggs in gelatinous 

capsules. Terrestrial species produce a relatively small number 

of eggs, each enclosed with albumen within a separate cap- 

sule. The eggs are usually laid in a heap in soil. Among the 

largest eggs, up to 16 mm in diameter and enclosed in a cal- 

careous shell, are laid by a 15 cm South American species of 

Strophocheilus (Fig. 12-58B). 

In over half of the terrestrial pulmonate families and even in 

some prosobranch land snails, the capsule wall either contains 

calcite crystals embedded in mucus or consists of a calcareous 

shell. The shell not only supports and protects the egg contents, 
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FIGURE 12-59 Opisthobranch reproduction. Reciprocal sperm transmission in the hermaphroditic sea hare 
Phyllaplysia taylori. A. Dorsal view of copulating pair. B, Sperm movement in one partner of a copulating pair. 
Long arrows indicate the path of the autosperm and short arrows the path of allosperm. C, Gelatinous egg string 
of a sea hare, Aplysia. D, Enlarged view of the egg string showing eggs in the hollow jelly tube. (A and 

B, Redrawn from Beeman, R. D. 1970. An autoradiographic study of sperm exchange and storage in a sea hare, Phyllaplysia 
taylora hermaphroditic gastropod. J. ExP. Zool. 175(1):130; C and D, After Abbott, R. T. 1954. American Sea Shells. Van 

Nostrand Co., Princeton, N. J.) 

it also serves as a source of calcium for the shell of the devel- 

oping snail within. A contractile, vesicle-like extension of the 

embryonic foot, called a podocyst, functions in absorption of 

albumen as well as in gas exchange and excretion. The podocyst 
is thus analogous to the allantois of reptile and bird embryos. 

A free-swimming trochophore larva is found only in 

ai chaeogastropods that spawn their eggs directly into the sea. In 
all the other gastropods, the trochophore stage is suppressed 

and passed before hatching. Indirect development may then 

continue with a free-swimming veliger larva. Some marine proso- 

branchs, especially the neogastropods, nearly all freshwater 

prosobranchs, and almost all pulmonates undergo direct 

development and have no free-swimming larvae. At hatching, 
a tiny snail emerges from the protective shell or case (Fii? 

12-58B). ' g‘ 

1 he veliger larva is derived from a trochophore but is 
a later more developed stage (Fig. 12-60) characteristic of gas- 

tropods, bivalves, and scaphopods. The veliger is named for its 

swimming organ, the velum, which consists of two large semi- 

circular, ciliated lobes. The velum forms as an outward exten- 
sion of the prototroch of the trochophore. The foot, eyes, and 

tentacles differentiate from the body of the embryo. The 
veliger has a shell, the protoconch, which is spirally coiled in 

most gastropods but not in the patellogastropods or, presum- 

ably the stem gastropod. It may remain at the apex of the 

adult shell for some time until it eventually erodes and disap- 

pears. In the shell-less sea slugs, a shell that is present in the 

veliger is later lost during metamorphosis. 

Some gastropods have feeding, planktotrophic veligers with 
a larval life that may last as long as three months whereas others 

have short-lived, yolk-laden, nonfeeding, lecithotrophic veligers. 

The long cilia of the velum of planktotrophic veligers function 

not only in locomotion, but also in suspension feeding by bring- 

ing fine plankton in contact with the shorter cilia of the subvelar 

food groove. Within the food groove, particles become entan- 

gled in mucus and are conducted to the mouth. 

During the veliger stage, torsion twists the shell and visceral 

mass 180° in relation to the head and foot. Torsion may be 

very rapid (about 3 min in the marine limpet Acmaeci) or it 

may be a gradual process. As development proceeds, the swim- 

ming veliger reaches a point at which the foot is sufficiently 

formed to allow creeping, and at this time settling and meta- 

morphosis occur. The velum is lost and the final features of 
the adult form are attained. Choosing the correct settling site 

is of critical importance for survival, and many species can 

delay metamorphosis until the required substratum is found. 

The mode of development may vary greatly even within 
a group of closely related species. For example, among the 

common intertidal periwinkles (Littorina), some release plank- 

tonic egg capsules from which veliger larvae hatch. Others 
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FIGURE 12-60 Veliger larva of the slipper snail Crepidula. A, Lateral view. B, Anterior view. C, Suspension 

feeding in the early veliger of the nudibranch Archidoris. Arrows indicate direction of movement of food 

particles. (A and B, Redrawn from Hyman, 1967, after Werner; C, After Thompson.) 

C 

attach gelatinous egg cases to the substratum, from which 

either veligers or juvenile snails emerge. Still others are vivipa- 

rous and brood the eggs, releasing either veliger larvae or 

juvenile snails. The mode of each species is related to its 

ecological situation, especially in the intertidal zone where the 

timing of reproductive events may be tied to tidal cycles. 

Many gastropods reach adult size and sexual maturity at 

6 months to 2 years, but growth may continue at a slower rate, 

and larger species may not reach maximum size for many 

years. In general, growth is more rapid in tropical species than 

in temperate ones. The life span is highly variable: 5 to 16 years 

for the limpet Patella vulgata; 4 to 10 years for the periwinkle 

Littorina littorea; 1 to 2 years for many freshwater pulmonates; 

5 to 6 years for the land snail Helix aspersa; and only 1 year for 

many nudibranchs. Mortality among larvae and juveniles is 

high. Few juvenile gastropods survive to sexual maturity. Of the 

1000 eggs produced each year by the muricid prosobranch 

Thais, not more than 10 reach an age of one year. 

Settlement and Metamorphosis 
A planktonic larval stage is a common feature of the life cycle 

of many benthic marine animals. Indeed, most metazoan 

phyla have at least a few species with pelagic larvae. A benthic 
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species benefits from having a life stage capable of dispersal. 

A planktonic larva is especially adaptive when the adults are 

slow moving (many polychaetes and molluscs) or sessile (bar- 

nacles). Some species with long-lived planktotrophic larvae 

may be carried great distances on ocean currents. The larvae 

of some marine snails, for example, are believed to be trans- 

ported for thousands of kilometers. The lecithotrophic, 

nonfeeding larvae of many other marine species are plank- 

tonic for only hours or a few days. Even in this short time, they 

may be moved considerable distances and well away from the 

parents. 

Settlement is a crucial stage in the life of the animal 

because most species are specialized for life in specific habi- 

tats. Developmental processes occurring in the larva may 

force it to settle at a specific time, whether or not it has 

located a suitable substratum. In the absence of the proper 

habitat, such larvae may settle before or shortly after meta- 

morphosis. Many species have the ability to test the substra- 
tum and postpone settling for a time if testing proves it 

to be unsuitable. Such larvae typically respond to specific 

atti ibutes of the surface and settle only if those features are 

present. 

The larval response to favorable surface cues is settling and 

subsequent metamorphosis to the adult body form. Light 

intensity, surface texture, and substratum or water chemistry 

can be important signals. For example, many larvae require 

a bacterial biofilm over the surface to trigger settling and meta- 

morphosis. Those invertebrates that live on kelps have larvae 
that respond to specific compounds produced by the kelp. The 

juveniles of the red abalone of California, Haliotis rufescens, 

as well as many other abalone species, graze on coralline red 

algae. The larvae of these molluscs stop swimming upon 

detecting a small protein characteristic of these algae. In the 

absence of this chemical signal, swimming continues and set- 

ding can be delayed for as long as a month. Premature settling 

is also undesirable because the larvae will not have completed 

its development, nor will it have dispersed as far as might be 

desired. Red abalone larvae must remain in the plankton for at 

least seven days because their receptors for the algal protein are 

not functional until then. The planula larvae of corals of the 

genus Agancia also settle on coralline algae, but the different 

species of Agancia are restricted to certain species of coralline 

algae and lespond to surface oligosaccharides. 

Lar\ae of invertebrates that live in aggregations with 

conspecifics, such as barnacles and reef-building tubeworms 
(Phragmatopoma), are stimulated to settle by surface proteins 

produced by adults of their own species. Sometimes settling is 
in uced by a combination of factors. The sea slug Rostanga 

pulchra feeds on an encrusting sponge that lives in rocky 

crevices. The sponge provides a chemical cue to initiate 
sett mg, but the larva is also negatively phototaxic, which 

increases t le chances that it will choose sponges in crevices. 

DIVERSITY AND EVOLUTION 
OF GASTROPODA 
The current level of understanding of Gastropoda does not 

support construction of a phylogenetic classification or tree 

The provisional classification presented here is abbreviated 

and traditional orders are not arranged into higher taxa, 

although informal groups are indicated. 

Prosobranchs (formerly ProsobranchiasC) 
The more than 20,000 species of prosobranch gastropods 

occur in marine, freshwater, and terrestrial habitats, where 

they may be abundant and diverse, but most are inhabitants of 

marine benthic habitats. Their remarkable diversity is the 

result of several episodes of adaptive radiation in their evolu- 

tionary history. 

Prosobranchs are completely torted and most are snail- 

shaped with a spirally coiled, asymmetrical visceral mass and 

shell; broad creeping foot; and well-developed head. The 

mantle cavity, with one or more gills, a gonopore, nephridio- 

pore, and anus, is located at the anterior of the body. The 

head is well developed and bears two cephalic tentacles, 

usually with a lateral eye at the base of each. The gill of most is 

monopectinate, but primitively it is bipectinate. Usually, there 
is an operculum. The gut is U-shaped, with both the mouth 

and anus anterior. The anterior gut contains a radula. The 

prosobranch heai t consists of a ventricle and one (monotocar- 

dian) or two (diotocardian) atria. The great majority of them 

are monotocardian and have only the left atrium, left kidney, 

left gill, and right gonad. The heart is surrounded by a peri- 

cardial cavity that connects with the left kidney via a renoperi- 

cardial duct. The right pedal retractor muscle has become 

the columellar muscle. The nervous system is streptoneu- 

rous (twisted as a result of torsion) and the well-developed 

sense organs include eyes, chemoreceptors, statocysts, and an 

osphradium. Most prosobranchs are gonochoric and have 
a veligei larva. The gonad occupies a coelomic gonocoel, 

which communicates with the mantle cavity through a geni- 

tal duct derived from several sources, including the right 

nephridium or its remnants. Prosobranchs range from a few 

millimeters to over 70 cm in length. 

The archaeogastropods in the broad sense (sensu lato) 

include the primitive gastropods, such as limpets, slit snails, 

abalones, nerites, top and turban snails, and others. Because 
of the structure of their bipectinate gill, archaeogastropods 

are largely restricted to the clean water associated with the 

surfaces of rock and seaweeds. 

The limpet shape has evolved several times in the molluscs, 

and there are several types of prosobranch (and pulmonate) 

limpets. Limpets have a low, conical shell with a large basal 

opening, or aperture, from which the head and foot extend 

(Fig. 12-22, 12-31A,B), and they resemble monoplacophorans. 

Most limpets evolved from coiled ancestors and became secon- 

claiily symmetrical, but the uncoiled condition of patellogas- 

tropod limpets may be primary. 

PATELLOGASTROPODA0 

Also called Docoglossa. The largest assemblage of limpets. 

Found from shallow water to the deep sea; many are common 

in the rocky intertidal areas. Evolved independently of keyhole 

limpets. Shell a noncoiled, symmetrical cone; symmetry may 

be primary. Perhaps the most primitive living gastropods. 

Includes Patellidae (Cellana, Helcion, Patella; Fig. 12-24), 

Acmaeidae (Pectura = Acmaea), Lottidae (Lottia, Notoacmaea), 
and Nacellidae (Nacella). 
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VETIGASTROPODA0 

Archaeogastropods sensu lato. Primitive diotocardians, two 

nephridia and bipectinate gills. Right gill may be reduced or 

absent, osphradium is a simple ridge. Fissurellidae (keyhole 

limpets): secondarily symmetrical conical shell with a single 

anal aperture and two bipectinate gills; Fig. 12-22; Diodora, 

Emarginula, Fissurella. Pleurotomariidae (slit snails): shell with 

an anal slit, two gills; Fig. 12-21C; Entemnotrochus, Pleorotrochus, 

Pleurotomaria. Haliotidae (abalones): shell with a row of anal 

pores opening from the mantle cavity, two gills; Fig. 12-21A,B; 

Haliotis. Trochidae (top snails; Fig. 12-23A) and Turbinidae 

(turban snails; Fig. 12-23B): both families have coiled, conical 

shells, an operculum; Only a bipectinate left gill, two nephridia, 

and two atria; some trochids: Calliostoma, Gibbula, Margarites, 

Monodonta, Tegida, Trochus; some turbinids: Astraea, Turbo. 

NERITIMORPHA0 

Includes many common, rocky intertidal species, such as the 

semitropical and tropical species of Nerita. Diotocardian, but 

have either a single monopectinate gill or no gill. Eye with 

lens, penis present. Some have invaded fresh water (Theodoxus) 

and, perhaps from some freshwater ancestor, there arose 

a family of tropical land snails, the Heiicinidae. Neritidae 

(nerites; Fig. 12-23C): globose operculate snails with one 

nephridium and a single bipectinate gill, no gill, or secondary 

gills. Reproductive system complex. Nerita, Neritina, Theodoxus. 

CAENOGASTROPODA0 

Includes the mesogastropods and neogastropods and thus 

most living prosobranchs. The great adaptive diversity of these 

two grades is in part due to the evolution of the monopecti- 

nate gill, which may have facilitated expansion from the 

ancestral rocky coasts into silty, especially soft-bottom, habitats. 

The dorsal and ventral membranes (Fig. 12-1 A) that suspend 

the archaeogastropod bipectinate gill are easily fouled by 

sediment carried by the respiratory current. In the mesogas- 

tropods and neogastropods the membranous suspension has 

been lost and the gill axis is attached directly to the mantle 

wall (Fig. 12-20E). The filaments on the side of the attach- 

ment have disappeared, leaving those of the opposite side to 

project into the mantle cavity. The loss of filaments from one 

side of the archaeogastropod bipectinate gill results in the 

monopectinate gill characteristic of the meso- and neogas- 

tropods. A well-developed inhalant siphon is typical of many 

meso- and neo-gastropods. 

Mesogastropods (formerly Mesogastropodas°) 

Snails with a single monopectinate gill, one atrium (monoto- 

cardian), one nephridium. Osphradium simple (ridgelike). 

Reproductive system is complex, usually with a penis. Radula 

is taenioglossate, seven teeth in each transverse row (Fig. 

12-40C). Chiefly marine, but with many freshwater and terres- 

trial taxa. Browsers, detritivores, suspension-feeders, parasites, 

and carnivores. 

CerithioideaSF: Marine and freshwater snails with high spires; 

Turritellidae (turret snails; Turritella), Batillariidae (Batil 

laria), Cerithiidae (ceriths; Bittium, Cerithium), Siliquariidae 

(Siliquaria), Pleuroceridae (Elimia, Pleurocera). 

VermetoideaSF: Worm snails, with long, loosely, irregularly 

coiled shells and no operculum; Fig. 12-33; Vermetidae (Den- 

dropoma, Macrophragma, Petaloconchus, Serpulorbis, Vermetus). 

LittorinoideaSF: Littorinidae (intertidal periwinkles; Lacuna, 

Littorina, Tectarius). 

RissoideaSF: Large assemblage of several families of small 

marine, freshwater, and terrestrial snails, including Caeci- 

dae (Caecum), Hydrobiidae (Hydrobia), Truncatellidae (Trun- 

catella), Vitrinellidae (Cochliolepis, Cyclostremiscus, Vitrinella). 

StromboideaSF: Mostly large gastropods having shells with 

siphonal canals and a flaring lip; Fig. 12-32B; Strombidae 

(conchs; Larnbis, Strombus, Tibia), Aporrhaidae (pelican- 

foot snails; Aporrhais), Struthiolariidae (ostrich-foot snails, 

Struthiolaria). 

XenophoroideaSF: Most attach stones or shells to the shell 

(Fig. 12-38C). Xenophoridae (carrier snails; Xenophora). 

CalyptraeoideaSF: Filter-feeding, protandric snails with mostly 

caplike or limpetlike shells; Calyptraeidae (slipper snails and 

shelf limpets; Calyptraea, Crepidula; Fig. 12-49, 12-57D), Capul- 

idae (cap snails; Capulus). 

CypraeoideaSF: Spire enclosed within the last whorl of the 

shell; Cypraeidae (cowries; Cypraea; Fig. 12-29), Ovulidae 

(egg snails; Cyphoma, Simnia). 

VelutinoideaSF: Velutinidae (Velutina), Triviidae, Fig. 12-46B 

(trivias; Trivia, Erato). 

NaticoideaSF: Burrowing moon snails with globose shells and 

a drilling radula; Fig. 12-32A (Naticidae; Natica, Polinices, 

Sinum). 

TonnoideaSF: Marine snails with heavy, often large shells; 

Cassidae (helmet snails; Cassidarius, Cassis, bonnets; Phal- 

ium), Bursidae (frog snails; Bofonaria), Ranellidae (tritons; 

Cymatium), Tonnidae (tuns; Tonna, Malea), Ficidae (tig snails; 

Ficus). 

CarinarioideaSF (Heteropoda): Pelagic snails with finlike 

foot and reduced or absent shell; Atlantidae has well- 

developed shell (Atlanta, Oxygyrus); Carinariidae has small 

shell (Carinaria, Fig. 12-35D; Pterosoma); Pterotracheidae 

has no shell (Pterotrachea). 

EpitonioideaSF: Janthinidae, pelagic (violet snails, Janthina, 

Fig. 12-38A; Rec.luzia), Epitoniidae (wentletraps, Epitonium, 

Opalia). 

EulimoideaSF: Predators, commensals, and echinoderm 

parasites; Eulimidae, Fig. 12-50B (Eulima, Melanella, Stilifer); 

Entoconchidae, Fig. 12-50C (sea cucumber endoparasites; 

Enteroxenos, Entocolax, Entoconcha). 

Mesogastropods are well represented in fresh water as a 

result of several independent invasions. The majority of fresh- 

water mesogastropods are tropical, but many taxa, such as 

Elimia (Goniobasis), Pleurocera, Viviparus, Campeloma, and Val- 

vata, include temperate species. All are operculate, in contrast 

with the freshwater pulmonates. There are no freshwater or 

terrestrial neogastropods. 

Cyclophoridae (Fig. 12-25A) and Pomatiasidae are two large 

families of mesogastropod land snails. Like the archaeogastro- 

pod Heiicinidae, they are largely tropical and operculate and 

have no gill, and gas exchange occurs across a vascularized 

mantle wall within the mantle cavity (lung). A notch or a 

breathing tube in the shell aperture of some species permits air 

to enter when the operculum is closed. 
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Neogastropodas0 

Snails that share many features with the mesogastropods but 

are entirely marine. Most are highly specialized carnivores. 

This is one of the largest and most successful molluscan taxa. 

Monotocardian with one nephridium, one monopectinate gill. 

Radula has no more than three teeth per row (Fig. 12-40D); 

specialized for predation, often used with an eversible pro- 

boscis (Fig. 12-14). Osphradium is well developed, bipectinate, 

gill-like. Many have poison glands. Stomach is a simple sac; 

gut includes gland of Leiblein, valve of Leiblein, anal gland. 

Reproductive system is complex. Some are large. Neogas- 

tropods have about twice as many chromosomes as meso- or 

archaeogastropods, suggesting the possibility of an origin by 

polypoidy. Neogastropods are the most derived prosobranchs. 
Three higher taxa: 

MuricoideaSF: Radula with three teeth. Heavy, conical, sculp- 

tured shells with long siphonal canal; Muricidae (drills; 

Coralliophila [Fig.l2-38B], Eupleura, Morula, Murex, Nucella, 

Purpura, Rapana, Thais [Fig. 12-31 A], Urosalpinx Fig. 12-27B), 

Buccinidae (Buccinum [Fig. 12-46A], Cominella), Melon- 

genidae (whelks; Busycon, Melongena), Columbellidae (dove 

snails; Anachis, Columbella, Mitrella), Fasciolariidae (tulip 

snails; Fasciolaria), Marginellidae (marginellas; Marginella), 

Mitridae (miter snails; Mitra, Vexillum), Nassariidae (mud 

snails; Ilyanassa [Fig. 12-48A], Nassarius), Olividae (olive 

snails; Oliva, Olivella), Harpidae (harp snails; Harpa), Voluti- 

dae (volutes; Cymbium, Voluta), Turbinellidae (Turbinella). 

CancellarioideaSF: Radula has only the central tooth, which 
is used to suck fluid from prey; Cancellariidae (nutmeg 

snails; Admete, Cancellaria, Sveltia). 

ConoideaSF: Predatory snails with poison gland and highly 

modified toxoglossate radula having only one tooth per 

row (or radula absent). Conidae (cone snails; Conus, Fig. 

12-47C), Turridae, the largest mollusc family, with several 

thousand species (turret snails; Mangelia, Polystira, Turns), 

Terebridae (Terebra). 

HETEROSTROPHA0 

Snails once were thought to be opisthobranchs, but now are 

believed to be closer to prosobranchs. Includes the important 

PyramideiloideaSF, a large taxon of small carnivorous ectopar- 
asites of bivalve molluscs and polychaetes (Fig. 12-50A). Shell 

is well developed, coiled, and multiwhorled, with operculum. 

Proboscis is long, with a stylet instead of a radula. A true 

radula and gill are absent. 

Opisthobranchs (formerly OpisthobranchiasC) 
Hie remaining two groups of gastropods, the opisthobranchs 

and pulmonates, are sometimes combined in Euthyneura, 

which is marked by the replacement of the twisted (streptoneu- 
rous) prosobranch nervous system with a secondarily bilaterally 

symmetrical (euthyneurous) system. In the euthyneuran ner- 
\ous system, the effects of torsion are reversed by detorsion 

and the ganglia are highly concentrated and cephalized 

(moved close together in the head). 

The two euthyneuran groups are thought to have arisen 

trom ancestral mesogastropod prosobranchs and may share 

a common ancestor, which would have been torted and strep- 

toneurous and monotocardian with a single monopectinate 

gill, epibenthic, and marine, and have had a spirally coiled 
shell. The two lines of descent took advantage of environments 

poorly or not at all exploited by prosobranchs. One, the 

pulmonates, developed a lung and radiated in terrestrial, fresh- 

water, and intertidal marine habitats where the advantages of 

aerial respiration could be exploited. The other, the opistho- 

branchs, initially exploited burrowing marine habitats made 

habitable by reduction of the shell and detorsion, and they 

later expanded to other marine, including pelagic, habitats. In 

both groups there are tendencies to reduce the shell, reverse 

torsion, and become secondarily bilaterally symmetrical. Both 

groups are hermaphroditic and most lack an operculum. The 

sister taxon of Euthyneura is Streptoneura (with a twisted ner- 

vous system), which is roughly equivalent to the prosobranchs. 

The original opisthobranchs diverged into several distinct 

lines, often exhibiting parallel or convergent evolution with 

each other. Opisthobranchs are gastropods that have special- 

ized in the reduction and loss of the shell and radiated into 

niches suitable for shell-less gastropods. Opisthobranchs are 

polyphyletic, and it is very difficult to distinguish homology from 

homoplasy within the group. As a result, it has so far been 

impossible to construct a natural classification. Opisthobranchs 

explored several interesting evolutionary pathways made possi- 

ble by loss or reduction of the shell (burrowing, swimming, 

chemical defenses). The 3000-some species are almost entirely 

marine, and the majority are benthic. They vary in size from tiny 

interstitial species to the largest sea hares reaching 60 cm in 

length. Some of the most colorful, graceful, and beautiful mol- 

luscs are opisthobranchs. 

Opisthobranchs probably arose from a torted, coiled, asym- 
metrical, monotocardian, prosobranch ancestor with a single 

gill in an anterior mantle cavity. Primitive opisthobranchs 

resemble mesogastropod snails (Fig. 12-34A) and are difficult 

to distinguish from prosobranchs. They are asymmetrical and 

have a more or less typical spirally coiled, prosobranch-like 

shell. An operculum is present in primitive species and in 

many larvae, but is lacking in most adult opisthobranchs. 

Common trends, however, are a tendency toward shell reduc- 

tion and loss, reduction of the mantle cavity and the accompa- 

nying loss of the original gill, detorsion, loss of coiling and 

development of secondary bilateral symmetry, appropriation 
and leuse of organelles such as nematocysts and chloroplasts 

fiom the prey, and the development of secondary defenses to 

compensate for the loss of the shell. Opisthobranch taxa are 

noted for their extensive parallel evolution, and each of these 

trends has occurred more than once. The shell may be well 

developed, with thick calcareous layers and a high coiled 

spire, thin and bnbblelike, with a vestigial spire; a flat or gently 

curved internal or external plate; or absent. All stages of 

detorsion occur, including fully torted, partially torted, and 
fully detoi ted, but most are partially detorted. Accordingly, 

the mantle cavity may be anterior, on the right (Fig. 12-36A), 

or posterior. Many opisthobranchs have become sluglike. 

Opisthobranchs, especially the sea slugs, have evolved a vari- 
ety of defenses that do not require a heavy, inert shell, and each 

lias evolved more than once. Escape swimming, often employing 

large, lateral expansions of the foot (parapodia; Fig. 12-36A), is 

common in the opisthobranchs. Many have skin glands that 

pi oduce sulfuric acid or a nonacidic but noxious substance that 
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repels potential predators, especially fishes. Some utilize nema- 

tocysts from cnidarian prey. Some have spicules embedded in 

the mantle. Many employ color patterns in their defense. 

Through cryptic coloration, many defenseless nudibranchs are 

colored and patterned to be nearly invisible when in the feed- 

ing position on the surface of their prey, often a sponge, alcy- 

onarian coral, or bryozoan. Those with toxins or nematocysts are 

usually aposematically colored. 

The opisthobranch gill, when present, is structurally unlike 

that of prosobranchs, and its surface area is provided by mantle 

folds, or plications (Fig. 12-36B), rather than by the lamellae 

characteristic of prosobranch gills. Nevertheless, prosobranch 

and most opisthobranch gills are probably homologous, with 

opisthobranchs presumably inheriting the gill from their 

prosobranch-like ancestors. Gills are lost in some opistho- 

branchs and in others they may be located on the body surface 

in the absence of a mantle cavity. The gills of some nudi- 

branchs are secondary inventions derived independently of 

those of other opisthobranchs. Opisthobranchs are monotocar- 

dian with one atrium and one nephridium. 

Primitive opisthobranchs have a prosobranch-like, strep- 

toneurous nervous system, but in most there is a euthyneu- 

rous system with a strong tendency toward cephalization to 

the extent that the ganglia are often fused to form a brain. 

Most opisthobranchs have a second pair of sensory head 

tentacles called rhinophores that are located posterior to the 

first pair and sometimes surrounded at the base by a 

collarlike fold (Fig. 12-34A,G,H,J). A pair of statocysts is pres- 

ent. There is a tendency for the eyes to decrease in impor- 

tance. Opisthobranchs are hermaphroditic and the larva is 

a veliger. 

Cephalaspideas° (Buliomorpha, the bubble snails): 
Largest, most primitive taxon. The ancestors of most other 

opisthobranchs probably were cephalaspidean-like. In gen- 

eral, they are specialized for burrowing in soft sediments, 

and detorsion has moved the mantle cavity to the right or 

even the posterior end. The shell is usually reduced (as in 

Bulla), but primitive genera such as Acteon and Hydatina 

(Fig. 12-34A) more closely resemble their prosobranch 

ancestors and have not yet become fully adapted to burrow- 

ing. In Acteon, the most primitive known opisthobranch, the 

nervous system is still twisted (streptoneurous) and the shell 

is well developed, spiral, and closed by an operculum. More- 

derived bubble snails crawl on the surface or burrow into 

soft bottoms. Displacement of the mantle cavity to the right 

or the posterior end reduces the likelihood of its being 

fouled with sediment during burrowing. Some cephalaspi- 

dean families and genera are Ringiculidae (Ringicula), 

Acteonidae (Acteon, Pupa, Rictaxis), Flydatinidae (Hydatina; 

Fig. 12-34A), Bullidae (Bulla), Haminoeidae (Haminoea, 

Atys), Cylichnidae (Acteocina, Cylichna, Scaphander,), and 

Retusidae (Volvulella, Cylichninci). 

Anaspidea50 (sea hares): The largest (60 cm in length and 

2 kg) opisthobranchs. Feed on seaweeds in shallow water. 

Shell reduced, buried in the mantle, or completely lost. 

Body secondarily and imperfectly bilaterally symmetrical 

(Fig. 12-36A). Mantle cavity and gill are present and the pos- 

terior edge of the mantle can be rolled to form an exhalant 

siphon. Some sea hares swim using rhythmic undulations of 

winglike lateral parapodia (Fig. 12-37). Some are capable of 

jet propulsion. When disturbed, many release a defensive 

purple ink derived from the pigments of the red algae on 

which they feed. Aplysiidae (Aplysia, Bursatella, Dolabrifera), 

Akeridae (Akera). 

Thecosomatas° (shelled pteropods): Pteropods (wing-foot) 

are two taxa of small, swimming opisthobranchs spe- 

cialized for a pelagic life. Shelled pteropods have a shell 

(Fig. 12-34B), often have an operculum, and swim using 

large parapodia. Spiratellidae (Limacina, Spiratella), Cavolini- 

idae (Cavolinia [Fig. 12-34B], Clio), Cymbullidae (Cymbulici, 

Gleba [Fig. 12-48B]). 

Gymnosomatas° (naked pteropods): Shell-less carnivores 

that specialize in eating thecosomes. Gill is absent in most. 

Mantle cavity is absent. Gas exchange occurs across the 

general body surface. Cliopsis, Pneumoderma. 

Nudibranchias0 (sea slugs): Among the most spectacular, 

colorful, and beautiful molluscs. Shell, mantle cavity, and 

sometimes gills absent. Body secondarily bilaterally symmet- 

rical and the anus posterior. Many bear numerous dorsal, 

fingerlike projections called cerata (Fig. 12-34G), which 

can be filamentous, club-shaped, branched (Fig, 12-341), 

resemble a cluster of grapes (Fig. 12-34J), or exhibit varia- 

tions on these themes. Each ceras contains a branch of the 

digestive cecum. Some nudibranchs lack cerata on the dor- 

sum, but have a circle of gills surrounding a posterior anus 

(Fig. 12-34H). This, the largest and most heterogeneous 

opisthobranch taxon, includes several higher taxa. 

DoridoideaSF: Gills encircle anus on posterior dorsum; Fig. 

12-34H; 26 families, including Chromodoris, Dendrodoris, Doris, 

Glossodoris, Onchidoris. 

DendronotoideaSF: Simple or branched nematocyst- 

sequestering cerata, secondary gills; Fig. 12-341,J; 10 fami- 

lies, including Dendronotus, Doto, Hancockia, Scyllaea, Tethys, 

Tritonia. 

ArminoideaSF: Platelike gills beneath mantle edge; nine 

families, including Armina, Piero. 

AeolidoideaSF: Simple dorsal, nematocyst-sequestering cerata; 

Fig. 12-34G; 21 families, including Aeolidia, Berghia, Coryphella, 

Cuthonci, Eubranchus, Facelina, Fiona, Flabellina, Glaucus, 

Spurilla. 

Sacoglossas0 (Ascoglossa): Herbivores that feed on cyto- 

plasm sucked from macroalgae. Shell may or may not be 

present; a few (Juliidae: Berthelinia, Julia) have a bivalved, 

clamlike shell (Fig. 12-34E), but inside the two valves resides 

a typical snail. These are the only bivalved gastropods. Oth- 

ers are Elysiidae (Fig. 12-34F; Elysia, Tridachia), Stiligeridae 

(Alderia, Hermaea, Stiliger). 

Acochlidiaceas0: Small, shell-less, gill-less, interstitial opistho- 

branchs that live in coarse sediments, sometimes in low salin- 

ities or fresh water (Fig. 12-34C). Includes Acochlidiidae 

(Acochlidium, Microhedyle). 

Notaspideas0 (Pleurobrancheomorpha): Diverse group of 

epifaunal carnivores, many of which feed on sponges or sea 

squirts (Fig. 12-34D). Shell may be present or absent, inter- 

nal or external. Bilateral symmetry is superficial, a bipecti- 

nate gill is present, and the rhinophores have a longitudinal 

slit. Includes Umbraculidae (Umbraculum), Tylodinidae (Tylo- 

dina), Pleurobranchidae (Fig. 12-34D; Berthella, Berthellina, 

Pleurobranchus ). 
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Pulmonates (formerly PulmonatasC) 
The pulmonates contain the highly successful land snails, as 

well as many freshwater forms and a few intertidal marine 

species. Most freshwater snails and limpets and most terrestrial 

snails and slugs are pulmonates. Estimates of the number of 

described species vary widely from 16,000 to 30,000, but there 
is no doubting the success of this taxon. Pulmonates are not as 

diverse or heterogeneous as the prosobranchs, but they have 

prospered in habitats where competition from prosobranchs is 

reduced. They are widely distributed in both tropical and tem- 

perate regions throughout the world. The most primitive pul- 

monates are aquatic, both marine and freshwater, but the 

derived pulmonates are terrestrial and the grade has special- 

ized in ecological niches open to air-breathing gastropods. 

The aquatic species, being air breathers, are largely restricted 

to shallow water and the marine species are usually intertidal 

or supratidal. 

Pulmonates have the same tendency toward partial detor- 
sion as the opisthobranchs and in most, the mantle cavity has 

moved to the right side. The most distinctive pulmonate fea- 

ture, and the one from which the group takes its name, is the 

loss of the gill and conversion of the mantle cavity into a lung. 

The mantle skirt grows to the animal’s back (notum) to com- 

pletely enclose the mantle cavity except for a small opening 

on the right side called the pneumostome (Fig. 12-28A,E). 

The roof of the mantle cavity is highly vascularized. Passive 

ventilation by diffusion of gases through the open pneu- 

mostome is an important respiratory mechanism, especially 
for small, inactive species. Active ventilation is accomplished 

by elevating and depressing the floor of the lung to create a 

tidal flow of air through the pneumostome. 

Pulmonates are monotocardian, with one atrium and one 

nephndium. The typical pulmonate shell is spirally coiled anc 
lacks an operculum. In some, the shell is lost entirely (as ir 

slugs), m a few it is a small external plate, and in some it if 

conical and limpet-shaped. Many spiral shells secondary 

approximate a planispiral condition (Fig. 12-28B). Although 
mucus is important in the biology of all animals, it is especiall) 
so in pulmonates. It is important in both ciliary and muscular 

locomotion, where it lubricates the passage of the foot over the 

substratum. It is a defense against bacterial infection and against 

predators, and it is used to avoid desiccation. Many terrestrial 

snails estivate during hot, dry weather, becoming quiescent and 

metabolically inactive. The snail withdraws into the shell and 

secretes a mucous plug that functions as an operculum to 

reduce water loss. Because most are freshwater and terrestrial 

animals, osmoregulation and water balance are important physi- 

ological concerns for pulmonates. Terrestrial species have sen- 

son and neural equipment for detecting and responding 

appropriately to humidity gradients. Most pulmonates are herbi- 
voies, and some are agricultural pests. The nervous system is 

cut nyneurous. Pulmonates, like opisthobranchs, are hermaphro- 

ditic with internal fertilization and thus have complicated 

reproductive systems. Development is usually direct. 
The first pulmonate land snails appeared in the Carbonif- 

erous period, but their origin is obscure. They probably 

evolved from some group of operculate prosobranchs that had 

a single gill, and they may share a common ancestor with the 

opisthobranchs. The pulmonate line of euthvneurans could 

have evolved from ancestral forms that inhabited estuarine 

marshes and mud flats. The pulmonate condition may have 

evolved as a means of gas exchange when the animals were 

confined to small, stagnant puddles or to wet but exposed 

surfaces out of the water, conditions similar to those postu- 

lated for the origin of amphibians. 

Basommatophora (lower pulmonates): TIave one pair 

of tentacles with an eye situated laterally at the base of each 

(Fig. 12-28F). Aquatic. Includes all marine and freshwater 

pulmonates. 

There are a few primitive marine pulmonates, all of which 

live at the edge of the sea on intertidal rocks or in estuarine 

habitats. Tropical marine limpets of the genus Siphonaria 

(Siphonariidae) and the temperate Melampus and Detracia 

(Melampidae) of salt marshes and drift rows are among the 
few pulmonates that have a veliger larva. The presence of a 

veliger in primitive pulmonates indicates that the marine 

habitat is the original pulmonate home, rather than having 

been adopted secondarily by terrestrial ancestors. 

Amphibola (Amphibolidae), another marine pulmonate, 

has a typical shell but is unusual in having an operculum, 

indicating that the ancestral pulmonate was operculate, as 

was the ancestral opisthobranch. In all other pulmonates 

the operculum is lost during the course of development. 

All freshwater and terrestrial pulmonates lack an opercu- 

lum, but prosobranchs living in these habitats are always 

operculate, making it easy to distinguish between them. 

Unfortunately, for identification purposes, many marine 

prosobranchs have lost the operculum, so the criterion is 
useful only with freshwater snails. 

Many freshwater basommatophorans, such as the cos- 

mopolitan Lymnaea (Lymnaeidae) and Physa (Physidae), 

come to the surface to obtain air for gas exchange. In Lym- 

naea, the edges of the mantle cavity can be extended as 

a long, tubular snorkel for this purpose. The snail can 

I emain submerged for up to an hour with the pneumostome 

closed. 

Some deep-lake lymnaeids that live at depths that prohibit 

periodic respiratory journeys to the surface have secondarily 

converted the lung back into a water-filled mantle cavity. 

Some freshwater pulmonates, such as planorbids (Planor- 

bidae, including Armiger, Helisoma, Planarbis) and ancylids, 

develop secondary gills (pseudobranchs) from folds of the 

mantle near the pneumostome. Ancylids (such as Ancylus) 

are limpets adapted for life in fast-running streams, 

Basommatophorans usually have a well-developed, cal- 
careous shell. In most it is an asymmetric spiral, but in 
the ancylids (freshwater limpets) it is a symmetrical cone. 

The conical limpet shape has appeared many times in mol- 

luscan evolution, beginning with the monoplacophorans. 

Locomotion in aquatic pulmonates is usually via ciliary glid- 
ing using the cilia on the sole of the foot. 

Some species of freshwater pulmonate snails are impor- 
tant hosts for human parasites. The African taxon Bulinus, 

for example, is the intermediate host for the trematodes 

that cause schistosomiasis. 

Stylommatophora50 (higher pulmonates): Including al- 
most all terrestrial species, this is a far larger taxon than 

the aquatic Basommatophora. Two pairs of tentacles (Fig. 
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12-28E), although the anterior, lower pair may be incon- 

spicuous. The two eyes are located at the distal tips of the 

posterior, upper pair. 

Most terrestrial pulmonates have a calcareous shell, 

although it is usually not as heavily calcified as those of 

marine snails. The degree of calcification varies with the 

availability of calcium in the soil and diet. In general, the 

distribution of terrestrial and freshwater molluscs tends to 

be related to the availability of calcium. Calcium is always 

available in seawater but is often scarce, and frequently lim- 

iting, in terrestrial and freshwater habitats. The perio- 

stracum protects the calcareous layers from dissolution by 

humic acid and may also function as a water repellent. 

In many small species tfre shell aperture is partially 

occluded by large teeth or ridges, which exclude such 

predators as insects but allow the soft body of the snail to 

protrude. The largest shells, 23 cm in height, belong to 

members of the African species Achatina fulica, but the 

South American strophocheilids (Fig. 12-28D) are also 

large, reaching 15 cm in height. Many species of land snails 

have shells that measure less than 1 cm. Although such 

species are found throughout the world in leaf mold and 

beneath bark and stones, they are especially abundant on 

oceanic islands in the Pacific. 

Shell reduction or loss has occurred independently a 

number of times within the higher pulmonates (as in Sty- 

lommatophora), and such naked, symmetrical species are 

called slugs (Anon, Limax, Philomycus), as are similarly shaped 

opisthobranchs (Fig. 12-28A,C,E). Like the limpet, the slug 

shape has appeared several times in molluscan evolution. 

Slugs are elongate and superficially bilaterally symmetrical. 

The shell is generally absent or reduced and buried within 

the mantle, but in Testacella a small, external shell is perched 

on the posterior notum (Fig. 12-28C). 

The slug pneumostome usually is a conspicuous opening 

on the right side of the body (Fig. 12-28A). The evolution 

of the shell-less terrestrial slugs is perhaps an adaptive 

response to a low availability of calcium. The original centers 

of slug distribution are restricted to areas of high humidity 

and low soil calcium, but slugs have now been introduced 

into many parts of the world from which they were originally 

absent. Locomotion in terrestrial species is via rhythmic 

contractions of muscles in the broad sole of the foot. Not all 

terrestrial snails are pulmonates. Prosobranch land snails, 

although a smaller group (4000 species of terrestrial proso- 

branchs, compared with some 20,000 species of terrestrial 

pulmonates), are very common in the tropics, and their 

adaptations for life on land parallel those of pulmonates in 

many ways. Unlike pulmonates, they are operculate. 

CEPHALOPODAc  
Cephalopoda is an ancient, highly specialized taxon of about 

700 extant and 10,000 extinct species, including the chambered 

nautilus, cuttlefish, squids, and octopods as well as the fos- 

sil nautiloids, ammonoids, and belemnoids. Cephalopods are 

entirely carnivorous and most are swift, active, agile predators 

(Fig. 12-61). They occupy ecological niches for fast pelagic 

FIGURE 12-61 The bathypelagic squid Histioteuthis bonelli, a squid 
with webbed arms. The body is covered with photophores. (After Chun 

from Lane, F. W. 1960. Kingdom of the Octopus. Sheridan House, New York.) 

carnivores similar to those occupied by fishes, with which they 

compete and share many convergent characteristics. 

All cephalopods are marine and most are pelagic. Although 

some cephalopods, such as Octopus, have secondarily assumed 

a bottom-dwelling habit, the class as a whole is adapted for 

swimming, suspended in the water column by one of several 

buoyancy compensation mechanisms. Cephalopods are easily 

the most active molluscs and have highly developed nervous, 

sensory, and locomotory systems. 

FORM 

Major Axes and Orientation 
Cephalopods are a homogenous taxon whose members share 

a common, immediately recognizable body plan. Cephalopods 

arose from limpetlike monoplacophoran ancestors with a 

broad, creeping ventral foot and a high dorsal shell. Early in 

their evolution, cephalopods elongated the dorsoventral axis 

to make it the major body axis, replacing the traditional 

anterior-posterior axis (Fig. 12-62A). In the cephalopods, head 

and foot are at one end of an elongate body. That end, while 
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DORSAL 

VENTRAL. 

POSTERIOR (dorsal) 

FIGURE 12-62 Reorganization of major body axes in cephalopods. A, A monoplacophoran. B, A generalized 

early cephalopod. Accompanying the lengthening of the dorsoventral axis is a shift in the primary functional axis 

of the cephalopod body. The dorsoventral axis of the ancestor lengthens and becomes the functional anterior- 

posterior axis of the cephalopod. The former anterior-posterior axis has shortened and becomes the functional 

dorsoventral axis. Right and left remain unchanged. In both drawings, morphological orientation is noted in 

lowercased words, functional orientation in uppercase. (A, RedrawnfromFretter, V., and Graham, A., 1994. British 

Prosohranch Molluscs. Second Edition, Ray Society Vol. 161. Ray Society, London.) 

morphologically ventral, is functionally anterior and leads the 

animal into new environments. This is a potential source of 

confusion for those who, reasonably enough, expect an ani- 

mal’s head to be at its anterior (rather than ventral) end. To 

minimize confusion, it is customary to rename the major axes 
on the basis of function, rather than morphology, and that 

custom will be followed here. Ventral therefore becomes ante- 

rior, dorsal becomes posterior, anterior becomes dorsal, and 

posterior becomes ventral. Right and left are not affected (Fig 

12-62B). 

Body Regions 
lake that of other molluscs, the cephalopod body consists of 

a foot, head, and visceral mass. There is also a mantle, mantle 

cavity, radula, paired gills, and usually a reduced shell. The 

head, at the functional anterior end, includes the mouth, 

anterior gut, radula, and brain (Fig. 12-63). Dorsally, the foot 

has been transformed into a set of flexible, usually suckered 

prehensile appendages (arms or tentacles) that surround the 
mouth (Fig. 12-64). This close association of head and foot is 

responsible for the name cephalopod (= head-foot). A ventral 
region of the foot forms a tubular siphon, or funnel, exiting 

the mantle cavity (Fig. 12-63, 12-64). The visceral mass is elon- 

gated to form a conical posterior cone known as the visceral 
hump (fig. 12-64). The mantle cavity is anteroventral and con- 

tains a pair of gills (Fig. 12-64). The mantle walls are heavily 

musculanzed. The shell of all living cephalopods except Nau- 
tilus (Fig. 12-65) is internal and embedded in the mantle (Fie. 

12-63, 12-64) or absent. 

Cephalopods have attained the greatest size of any inver- 

tebrate and the largest of them rival the largest vertebrates. 

Although the majority range from 6 to 70 cm in length, includ- 

ing the arms and tentacles, some species reach giant propor- 

tions. The largest cephalopods are the giant squids, Architeuthis 

(Fig. 12-69B), which probably achieve a length of 20 m, includ- 

ing the tentacles. This is about the length of a sperm whale, but 

considerably shorter than a blue whale, at over 30 m. Giant 

octopods with arms 10 to 15 m long have been reported by 

divers in the Sea of Japan, but no specimens have been 

collected. The dorsal mantle length of the giant Pacific coast 

octopus Enteroctopus dofleini, one of the largest known octopods, 

does not usually exceed 36 cm, although its rather slender anus 

may be five times the body length. The record is a specimen with 

a 9.6 m arm span. The squid Idiosepius pygmaeus, at 1 cm, is the 

smallest cephalopod. 

Cephalopoda first appeared in the Cambrian period as 

molluscs became adapted for life in the pelagic habitat. Twice, 

once during the Paleozoic era and once in the Mesozoic, they 

underwent episodes of adaptive radiation resulting in the for- 

mation of many species. 

SHELL 

Diversity and Evolution 
The origin and evolution of Cephalopoda centers on the devel- 

opment of the shell as a buoyancy compensation device and its 

subsequent leplacement by other buoyancy adjusting mecha- 
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Posterior DORSAL 

FIGURE 12-63 Sagittal section of Spirula showing the major anatomical features of the cephalopods. Compare 
the direction of shell coiling with that of Nautilus. The shell of Spirula is endogastric and internal. The body 
chamber of Spirula contains only a small portion of the visceral mass and the remainder of the animal is outside the 
shell. Scale bar = 5 mm. (Redrawn and modified from Budelmann, B. U., Schipp, R. and von Boletzky, S. 1997. Cephalopoda. 

In Harrison, F. W, and Kohn, A.J. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 6A: Mollusca II. Wiley-Liss, Neiv York. pp. 

119-414, after Chun.) 
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FIGURE 12-64 Sagittal section of a generalized coleoid cephalopod. Blood vessels have been truncated for 
clarity. (Redrawn and modified from several authors including Budelmann, B. U., Schipp, R. and von Boletzky, S. 1997. 

Cephalopoda. In Harrison, F. W., and Kohn, A.J. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 6A: Mollusca II. Wiley-Liss, 

New York. pp. 119-414, after Chun; and Pearse et al. 1987) 

nisms. The presence of a mechanism that permits an organ- 

ism to be neutrally buoyant frees it from the need to expend 

energy to remain at any desired level in the water column. 

This ability is a prerequisite for any successful invasion of 

pelagic habitats. Based on shell characteristics, Cephalopoda is 

divided into two large groups. One, the ectocochleate 

cephalopods, is characterized by a well-developed, calcareous 

external shell. The ancestral cephalopods belonged to this 

group but almost all are now extinct. The other group, the 

endocochleate cephalopods, is characterized by a reduced 
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FIGURE 12-65 Nautilus. A, Side view in swimming position. B, Sagittal section. Nautilus is coiled 
exogastrically, over the head. (B, After Stenzel.) 

internal or absent shell and comprises a single taxon, 

Coleoidea. At present, coleoids are the only successful taxon, 

representing almost all living cephalopods. 

ECTOCOCHLEATE CEPHALOPODS 

Two major taxa of ectocochleate cephalopods are known, 

Nautiloidea and Ammonoidea. Nautiloids first appeared in 
the Cambrian and would be extinct today were it not for 

four species of Nautilus living in the Indo-Pacific region. 

Ammonoidea appeared in the Silurian period and became 

extinct at the end of the Cretaceous. The earliest known 

cephalopod is the small (1 cm) Upper Cambrian Plectrono- 

ceras, a nautiloid with a slightly curved, conical, septate shell. 

The shell lengthened in its descendants to a long cone. 

The early cephalopods are known only from their fossilized 

shells, and consequendy what is known of their morphol- 

ogy and evolution, as well as their classification, is based on 

shell characteristics. We know little of the soft parts of fossil 
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ammonoids and nautiloids, but assume they were similar to the 

living species of Nautilus (Fig. 12-65). Ammonoids and nau- 

tiloids both had well-developed external shells and left abun- 

dant fossil records. 

The ancestral cephalopod shell is exemplified by that of the 

ammonoids and nautiloids. The shell of a primitive cephalo- 

pod, such as Nautilus, consists of three layers. The outermost is 

a thin organic periostracum. Under the periostracum are two 

calcareous layers of aragonite crystals deposited on an organic 

matrix. The outermost calcareous layer is the prismatic layer, 

which contains aragonite in prism-shaped crystals. Innermost is 

the nacreous layer composed of tabular aragonite crystals. 

In both taxa the shell is a long, septate cone partitioned 

by transverse, calcareous septa into successively larger cham- 

bers (or cameras) (Fig. 12-65B, 12-66), with the oldest and 

smallest chambers being at the posterior end. The animal 

occupies the newest, largest, anteriormost region of the 

shell, known as the body chamber. The anterior end of 

the animal, bearing the head and tentacles, extends from 

the opening, or aperture, at the large (anterior) end of the 

shell. 

Growth of the body necessitates an increase in the size of 

the body chamber that houses it. The shell increases in length 

as new shell material is secreted by the mantle margin around 

the shell aperture. As the body chamber lengthens, the animal 

slowly shifts anteriorly, leaving the posterior region of the 

chamber vacant. Fluid fills this space as the animal vacates it. 

The forward migration of the animal necessitates the gradual 

relocation of muscle insertions and that the continuity of the 

siphuncle be maintained. Eventually, the mantle secretes 

a new septum to wall off the fluid-filled posterior portion of 

the body chamber and create a new chamber. 

A B 

POSTERIOR 

D 

FIGURE 12-66 Fossil cephalopod shells. A, Inner view of a coiled nautiloid shell, showing the central position 

of the siphuncle within the simple curved septa. B, View of the interior of an ammonoid shell. Siphuncle passes 

along the outer wall and the septal junctions with the outer wall of the shell are complex. C, A straight-cone 

nautiloid with a slight exogastric curve. The shell has been cut away to show the septa and siphuncle. D, The 

planispiral ammonoid Douvilleiceras. (A and B, From Ward, P. 1983. The extinction of the ammonites. Sci. Am. 

249(4):136-147; D, From Mutch, A.) 
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The septa are perforated near the middle or at the edge. 

A strand of tissue enclosed in a delicate calcareous tube, 

together forming the siphuncle, extends posteriorly from the 

visceral mass and passes through the septal perforations to 

reach the upper end of the shell (Fig. 12-65B). The siphuncle 

functions as an osmotic pump to remove liquid from the 

chambers and replace it with gas. The shell chambers and 

siphuncle form a buoyancy compensation device that enables 

the animal to maintain neutral buoyancy. The presence of 

air-filled chambers in the shell is a cephalopod autapomorphy 

that separates them from all other molluscs. 

Cephalopods probably evolved from monoplacophorans with 

high, conical, septate shells (Fig. 12-62A). The septations were 

probably unrelated to buoyancy, however, and presumably were 

present to strengthen the shell. The addition of a siphuncle that 

could secrete gas into empty chambers was an innovation made 

by the earliest cephalopods, such as Plectronoceras. Initially, such 

gas-filled chambers may only have aided in keeping the shell 

upright as the monoplacophoran-like animal moved about over 

the bottom. Swimming and permanent invasion of the pelagic 

habitat were probably later developments. 

The first cephalopod shells are believed to have been gendy 

curved cones from which arose several lineages with both 

straight (Fig. 12-66C) and coiled (Fig. 12-66A,B,D) shells. The 

straight shells of some species from the Ordovician period were 

more than 5 m in length, with an aperture 36 cm in diameter. 

Most coiled shells were planispirals (Fig. 12-66A,B,D), but one 

fossil taxon had asymmetrically or irregularly coiled shells (Fig. 

12-67). The largest fossil species with a coiled shell was Pachydis- 

cus seppenradensis from the Cretaceous period, which had a shell 

diameter of 3 m, but some fossil cephalopods were small species 

with shells only 3 cm in diameter. 

Nautilus is the only living cephalopod with an external shell, 

which is well developed and similar to that of its ancestors. It is 

planispiral, with the spire coiled anteriorly above the head 

FIGURE 12-67 Two ammonoids with highly modified shells, believed 
to be planktonic. A, Ancyloceras. B, Turrilites. (From Mutch, A.) 

(Fig. 12-65), a condition known as exogastric coiling. The 

opposite, endogastric coiling, in which the shell coils posteri- 

orly, away from the head, is characteristic of gastropods. 

Ammonoids and nautiloids are distinguished from each 

other on the basis of shell characteristics, since nothing is 

known of ammonoid soft anatomy. Nautiloid shells may be 

straight or coiled, whereas those of ammonoids are always 

coiled. The sutures formed by the junction of each trans- 

verse septum with the outer tubular shell wall are important 

in distinguishing ammonoids from nautiloids. The simplest 

suture lines were straight or slightly waved, and are charac- 

teristic of nautiloids such as Nautilus (Fig. 12-66A,C). The 

ammonoids, however, developed elaborate sutures that were 

zigzagged or minutely crinkled (Fig. 12-66B). Such sutures 

reflect a corresponding complexity in the nature of the 

septal junction and increased the strength of the shell to 

compensate for the somewhat thinner ammonoid shell. 

Furthermore, the nautiloid siphuncle perforates the septum 

near its center (Fig. 12-66A), whereas in ammonoids it is 

peripheral (Fig. 12-66B). 

ENDOCOCHLEATE CEPHALOPODS 

Except for the four species of Nautilus, all living cephalopods 

are endocochleate coleoids in which the shell is always inter- 

nal and reduced or absent. 

Goleoidea is a highly successful modern taxon whose 

members compete ecologically with the teleost fishes, which they 

resemble in size, habitat, ecology, anatomy, and behavior. 

A. Packard has observed that, functionally, cephalopods are fish. 

Both the teleosts and the coleoids began episodes of adaptive 

radiation in the mid-Mesozoic that continue today. The teleost 

radiation produced about 20,000 extant species, with many in 

fresh water, whereas the 600 Recent coleoids are all marine. 

The ancestor of the coleoids and their close relatives the 

extinct belemnoids was probably nautiloid-like with a straight, 

external, septate shell that became completely enclosed by 

the mantle. Belemnoids and the ancestral coleoids had an 

internalized three-part shell. One part was the phragmocone 
(Fig. 12-68). This region was septate, equipped with a siphun- 

cle, and used for buoyancy control. Another part was the 

heavy rostrum, which partially enclosed the phragmocone and 

supported it. Its weight probably adjusted the center of gravity 

to give the animal the desired horizontal orientation in the 

water. The third part of the shell, the proostracum, supported 

the mantle, served as a skeleton for muscle attachment, and 

protected the visceral mass. 

From such ancestors arose four distinct evolutionary 

lineages, each leading to one or more Recent taxa (Fig. 12-68). 

In a line leading to Spirulidas°, the rostrum and proostracum 

were lost. The phragmocone became coiled and was reduced, 

although still septate, and displaced to the posterior end of 

the visceral hump. The body itself is far larger than the body 

chamber and cannot be accommodated by it (Fig. 12-63). The 

siphuncle is peripheral (Fig. 12-63, 12-69B) . Coiling is endogas- 

tric, opposite that of Nautilus. 

In Sepiidas° (cuttlefish), the second line, the septate 

phragmocone persists as the calcareous, dorsal cutdebone 
(Fig. 12-69A). The other parts of the shell are absent or 

vestigial. The cuttlebone, which is underlaid by a heavily 
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FIGURE 12-68 Evolution of Coieoidea and their shells. Coleoids arose from ancestors similar to belemnoids 
and radiated into four extant taxa. In Spirulida, represented by Spirula, the shell is coiled, septate, and posterior. 
In Teuthida, represented by Loligo, the shell is a straight, nonseptate, chitinous pen in the dorsal body. Sepiida, 
represented here by Sepia, have a straight, septate, calcareous, dorsal shell. Octopoda, represented by Octopus, 
have lost the shell. (Redrawn after Shrock, R. R, and Twenhofel, W. H. 1953. Principles of Invertebrate Paleontology. 
McGraw-Hill, New York. 516 pp) 

vascularized epithelium that functions as a siphuncle, is used 

for buoyancy compensation and is a honeycomb of small, 

gas-filled spaces. 

In the third line, Teuthoidea0 (squids), the shell is reduced 

to a longitudinal chitinous pen (gladius) located dorsally 

along the midline, where it plays a role similar to the chordate 

notochord in stiffening the body and resisting longitudinal 

deformation. The pen is derived from the proostracum and is 

not septate, coiled, or calcareous, nor is there a siphuncle. 

Buoyancy compensation is chemical (discussed later in the 

chapter). Members of the taxa Vampyromorphida and Sepio- 

lida also have pens. 

In Octopoda0, the fourth line, the shell is vestigial. Inter- 

estingly, females of one octopod genus (the paper nautilus, 

Argonauta) secrete a thin, calcareous, shell-like case that is 

used as a brood chamber and float. Entirely external, it is 

neither homologous to the shell nor even attached to the 

body, so that the female must hold it in place with her arms. 

The much smaller male often shares the female’s case. 

Buoyancy 
Invasion of the pelagic realm required the development of 

structures and mechanisms analogous to the swim bladders of 

fishes to achieve neutral buoyancy by an otherwise negatively 

buoyant animal. In the absence of such equipment, would-be 

pelagic animals would be forced to expend prohibitive amounts 

of energy to counter their tendency to sink when they wished 

to remain at a given depth in the water. Cephalopods have 

developed a succession of buoyancy compensation mecha- 

nisms, beginning with the chambered, gas-filled external shell 

equipped with a siphuncle. Among living cephalopods, only 

Nautilus retains a heavy external shell, but such a shell was char- 

acteristic of the early cephalopods. Its weight is countered by its 

numerous gas-filled chambers. A siphuncle/gas chamber shell 

system is used today by nautiloids, spirulids, and sepiids for 

buoyancy compensation. Because of the very large density dif- 

ference between gas and water, gas is the most effective counter 

to negative buoyancy; no other mechanism could provide the 

lift required to compensate for the heavy mineral shell of the 

early cephalopods. 

In cephalopods with septate shells, gas is added to the 

most recently constructed chamber as soon as a septum is 

constructed to isolate it. The epithelium of the siphuncle 

maintains a high intracellular salt concentration and is hyper- 

osmotic to the chamber fluid (cameral fluid). When the new 

septum is strong enough to withstand the substantial hydro- 

static pressure generated on an air-filled space, the siphuncle 

actively absorbs ions from the cameral fluid, creating an 
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FIGURE 12-69 Internal shells of coleoids. A, The cuttlebone of the cuttlefish Sepia, viewed dorsally (left) and 

laterally (right). B, Spirula, viewed from the left side (left) and the face of a septum (right). Note the peripheral 

siphuncle at the bottom of the septum in the end view. The shell of Sepia is located on the dorsal side of the 

body, whereas that of Spirula is on the posterior end of the body. 

4 

osmotic gradient from the chamber into the siphuncle. Water 

follows this gradient and leaves the chamber to enter the 

blood in the siphuncle. As water is removed from the cham- 

ber, gas dissolved in the blood of the siphuncle diffuses into 

the chamber and replaces the water. Fluid exchange is 

restricted to the more anterior chambers, and fluid is gradu- 
ally removed to compensate for the gradual growth of the 

shell. This mechanism does not allow for buoyancy regulation 

for short-term changes in depth. 

In contrast, by regulating the relative amounts of fluid and 

gas in its cuttlebone, Sepia can adjust the degree of buoyancy 

ovei the short term. Light is an important factor controlling the 

i egulating mechanism. During the day, Sepia lies buried in the 

sea bottom, but at night the animal becomes active, swimming 

and hunting. Accordingly, buoyancy decreases when the animal 

is exposed to light and increases in the dark. 

The loss of the septate shell by the coleoids necessitated 

the development of alternative mechanisms for countering 

the tendency to sink. Fortunately, in the absence of the heavy 

shell, achieving neutral buoyancy becomes much easier. Many 
pelagic squids maintain, in the coelom or connective tissue, 

large reservoirs of fluid in which the heavy cations typical of 

seawater are replaced by low-molecular-weight ammonium 

ions (produced by ammonotelic nitrogen metabolism). The 

enormous, fluid-filled coelom of cranchiid squids, for exam- 

ple, which accounts for about two-thirds of the volume of 

the animal, is a chemical buoyancy chamber with a high con- 

centration of ammonium ions. This substitution reduces 

the specific gravity of the squid and, along with the reduction 

in shell weight, confers neutral buoyancy on the animal. 

About half of the 28 families of squids, including the giant 

squid Architeuthis (Fig. 12-70B), the cranchiids (Fig. 12-71C), 

and the chiroteuthids (Fig. 12-71A,B), are “ammoniacal” 

squids that use this chemical mechanism to achieve neutral 

buoyancy. 

Some pelagic squids, however, are negatively buoyant and 

must expend energy to maintain position in the water column. 

They remain in nearly constant motion and rely on the 

dynamic lift produced by the locomotory equipment (fins and 

funnel) to prevent sinking. 

Cirrate octopods use the surface area of the extended 

webbing, parachute-like, to retard sinking (Fig. 12-72B). The 

secondarily pelagic octopod Argonauta uses its thin, light- 

weight, calcareous case as a gas-filled swim bladder. Benthic 

cephalopods, such as Octopus, have no buoyancy compensa- 
tion mechanisms and spend no energy countering the ten- 

dency to sink (Fig. 12-73). In fact, they depend on negative 

buoyancy to remain in place on the sea floor. 

Cartilage 
Many semirigid structural materials in invertebrates are 

referred to as “cartilage” even though most lack the histo- 

logical properties of vertebrate cartilage. The cartilage of 

cephalopods closely resembles that of vertebrates, however, 
and is yet another addition to the remarkable list of conver- 
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FIGURE 12-70 Coleoidea. A, The small myopsid squid Lolliguncuia brevis, common in tidal creeks in the 

southeastern United States (ventral view). B, A giant squid of the oegopsid genus Architeuthis stranded at 

Rahneim, Norway, in 1954. 

gences between these two taxa. Cephalopod cartilage, like that 

of vertebrates, has chondrocytes embedded in a hyaline 

ground substance of chondroitin sulfate and hyaluronic acid 

interlaced with a matrix of fibrous proteins, including colla- 

gen and elastic fibers. 

LOCOMOTION 
Cephalopods employ several different locomotory mecha- 

nisms, including walking, several types of swimming, and even 

flying. 

Fin Swimming 
The decapods and cirrate octopods have a pair of muscular, 

lateral fins whose slow, rhythmic undulations propel the 

animal forward through the water (Fig. 12-74). 

Mantle Cavity and Jetting 
The most common type of locomotion uses the muscles of the 

mantle wall to eject a jet of water from the funnel. The mande 

consists of a thick layer of circular muscle penetrated by smaller 

radial muscles (Fig. 12-75). The muscles surround the mantle 
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FIGURE 12-71 Bathypelagic oegopsid squids. A and B, The squid Chiroteuthis veranyi. Mature (A) and 
immature (B) individuals. C, The squid Cranchia. (B, After Pfefferfrom Lane, F. W. 1960. Kingdom of the Octopus. 

Sheridan House, New York; C, After Morton, J. E. 1967. Molluscs. Fourth Edition. Hutchinson University Library, London.) 

cavity and lie between inner and outer collagen tunics. The 

radial muscles extend rrom the inner tunic to the outer tunic. 

There is frequently a stiff shell remnant (pen or cuttlebone) to 

counter the tendency of the body to lengthen during muscle 

contraction. 

Tht inhalant and exhalant mantle channels are equipped 

with one-way flap valves (Fig. 12-64). Because of these valves, 

wutei cannot exit the inhalant channel (siphons) or enter the 

exhalant siphon (funnel). 

Contraction of the circular muscles constricts the mantle 
cavity and forces water through the funnel. The funnel can be 

pointed in almost any direction to control the direction of 

movement, which is opposite that of the water jet. The mantle 

muscles and valves can be used for two types of jetting move- 

ment, slow and fast. 

SLOW JETTING 

Most cephalopods use slow jetting for ordinary locomotion 

(and ventiladon of the gills). Contraction of the circular mus- 

cles expels water from the mantle cavity through the funnel 

and also compresses the connective tissue in the mantle wall 

( Hg. 12-75A). 4 he resulting elevation of water pressure opens 

the exhalant valve, closes the inhalant flap valves, and locks the 

edges of the mantle tightly around the head. The water jet 
from the funnel propels the animal in the opposite direction. 

The elasuc recoil of connective tissue in the mantle antago- 

nizes the circular muscles. When the circular muscles relax, the 

elastic fibers return to their original conformation, the circular 

muscles are stretched, and the mantle cavity inflates, creating a 

negative pressure that opens the inhalant valve, closes the 

exhalant valve, and causes water to enter the cavity. The radial 

muscles apparently do not participate in slow swimming. 

During a contraction cycle, water flows into the mande cavity; 

over the gills, gonopore, nephridiopores, and anus; then exits 

via the funnel (Fig. 12-64). The swimming current, which is also 

the respiratory current, is generated by muscles rather than cilia, 

in contrast with other molluscs, but like vertebrates. 

FAST JETTING 

Squids are also capable of a fast jetdng, an escape response in 

which both circular and radial muscles participate. Contraction 

of the radial muscles hyperextends the mantle cavity so it con- 

tains more water than it does during slow jetting (Fig. 12-75B). 

To initiate inhalation, the circular muscles relax and the 

radial muscles contract and hyperextend the mantle wall (Fig. 

12-75B). Contraction of the radials pressurizes the circular 

muscle mass, which acts as an incompressible hydrostatic 

skeleton whose volume cannot change. Pressurization of the 

circular muscle layer results in its deformation, as it must 

accommodate the tendency of the radial muscles to pull the 
two tunics closer together and reduce its thickness. The 

obvious and intuitive result would be for the circular muscle 
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FIGURE 12-72 Deep-sea photographs of a cirrate octopod, 
Cirroteuthis, which lives near the bottom. A, A view of the animal 
perhaps at the beginning of a downward stroke, with arm web closed 
and fins folded dorsally. B, A view onto the interbrachial web. Cirri 
on top of the arms (not visible in photo) may have a sensory function. 
Scale bar = 30 cm. Photographs taken with a deep-sea camera at 
3000 m in the Virgin Islands Basin. 

FIGURE 12-73 Lateral view of Octopus, an incirrate octopod lacking 
both cirri on top of the arms and webbing between them. 

During fast jetting the funnel is pointed anteriorly so the 

animal moves rapidly in a posterior direction. The more 

powerful contractions of escape swimming are produced by 

one type of circular muscle fiber, whereas the rhythmic, less 

powerful contractions used for ventilation and slow swimming 

are produced by another. 

Other 
The benthic octopods crawl using their suckered arms. Cirrate 

octopods with webbed arms swim like jellyfish, using pulsation 

of the bell of webbing. During fast jetting, some squids escape 

the water surface and glide through the air for distances of up 

to 50 m to escape predators. The “flying squids” (Teuthoidea: 

Onycoteuthidae), which have long, tapered bodies and highly 

developed fin vanes and funnels, shoot out of the water 

during escape jetting and glide, like flying fishes, for consider- 

able distances. There have been reports of squids accidentally 

flying onto the decks of ships 4 m above the water’s surface. 

layer, along with the mantle and mantle cavity, to lengthen. 

This cannot happen, however, because the pen, if present, and 

collagen tunics prevent elongation of the body. The alterna- 

tive, less obvious possibility is for the diameter of the mantle 

cavity to increase, and this is what happens. The mantle cavity 

hyperextends and can now hold more water than during 

normal slow jetting. The increase in the diameter of the 

mantle cavity creates a negative pressure that draws water in 

through the peripheral inhalant siphons. The influx of water 

closes the exhalant flap valve in the funnel and opens those in 

the inhalant siphons. 

Exhalation is more intuitive. Relaxation of the radial muscles 

and contraction of the circular muscles increases the thickness 

of the circular muscle layer and decreases the diameter of the 

mantle cavity (Fig. 12-75A). This places the water under positive 

pressure, and the water seeks an outlet from the mantle cavity. 

The pressure closes the inhalant flap valve but opens the exha- 

lant flap valve in the funnel, and water jets from the funnel with 

great force. 

ADAPTIVE DIVERSITY 
Species of Nautilus are mobile epibenthic animals found from 

the surface to depths as great as 600 m. Because they require 

cool water temperatures, they are not found in the warmer 

waters above 100 m. Moreover, they ascend at night and 

descend during the day. Using radio telemetry, one specimen 

tagged in Palau, north of New Guinea, was found to ascend to 

150 to 100 m at night and then move down to 250 to 350 m 

during the day. When resting, they attach to rubble or the walls 

of crevices with their appendages. Whether the animal is swim- 

ming or resting, the gas-filled chambers keep the shell upright. 

Except when feeding, Nautilus swims backward, at about 

the same speed as a person doing a slow breaststroke. The 

locomotor mechanism is similar to that described for squids, 

except that ejection of water through the funnel is not caused 

by contraction of circular muscles. Instead, the animal 

partially retracts the body into the shell and partially retracts 

the funnel. Both actions compress the mantle cavity and eject 

water from the funnel. Contracting the mantle in imitation of 
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FIGURE 12-74 Coleoidea. A, The cuttlefish, Sepia, seizing a shrimp with its two tentacles. B, Dorsal view of 
the squid Loligo in swimming position. The tentacles and arms are held together, acting as a rudder. 

Cl* Pen  

FIGURE 12-75 Cross sections of a generalized coleoid mantle. 
A, Contraction of circular mantle muscles has constricted the mantle 
cavity and forced water from the funnel, as in both slow and fast 
jetting. B, In fast jetting, contraction of radial muscles hyperextends 
the mantle wall to fill the mantle cavity with a larger than normal 
volume of water in anticipation of its powerful expulsion by the 
circular muscles. 

the coleoids would probably be difficult for an animal 

enclosed in a rigid shell. The extinct ammonoids and nau- 

tiloids probably used the same mechanism that Nautilus does. 

Unlike the funnel of coleoids but like the siphons of gas- 

tropods, the nautiloid funnel is a rolled sheet, not a complete 

tube. It can be extended and directed up or down and from side 

to side. Lift is obtained by directing the funnel downward. 

Squids and cuttlefishes are agile swimmers that make full 

use of their water jets. They can hover, accomplish delicate 

adjustments in position, attitude, and speed; cruise slowly; or 

dart rapidly. Squids attain the greatest swimming speeds of any 

aquatic invertebrate, up to 40 km/h. The body of a typical 

squid is long, tapered posteriorly, and has a pair of posterior 

lateral fins that function as stabilizers and rudders and are 

used for swimming at slow speeds (Fig. 12-74B). 

The giant architeuthid squids may inhabit depths of 300 to 

600 m over the continental slopes (Fig. 12-70B) but they are not 

rapid swimmers. Two other interesting taxa of deepwater squids 

are the bathypelagic chiroteuthids and the cranchiids. The chi- 

roteuthids have very long, slender bodies and long, whiplike 

tentacles (Fig. 12-71A,B). The cranchiids (Fig. 12-71C) are 

planktonic and many are strangely shaped. 

The body of a cuttlefish, such as Sepia, tends to be short, 

broad, and flattened (Fig. 12-74A). Cuttlefish are versatile 

swimmers but they are not as fast as the more streamlined 

squids (Fig. 12-74B). 

The deepwater Spirula, which lives as deep as 1000 m, swims 

with its anterior end and tentacles hanging downward. When 
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the animal dies, the little, gas-filled shell floats to the surface and 

is commonly washed ashore (Fig. 12-69B). Their abundance on 

tropical and semitropical beaches attests to the large numbers of 

this cephalopod. The smallest cuttlefish are species of the sepi- 

olid genus Idiosepius, which are about 15 mm long. They live in 

tide pools and possess a dorsal disc on the mantle for attaching 

to algae. 

Living cephalopods such as Nautilus, Spirula, and Sepia that 

use gas-filled shells to maintain neutral buoyancy are 

restricted to depths at which the shell strength can withstand 

the pressure, for below that depth the shell collapses. Extinct 

cephalopods would have been limited in the same manner, 

and it is reasonable to assume they were all inhabitants of rela- 

tively shallow water. Replacement of the gas-filled septate shell 

with an ammoniacal buoyancy compensation mechanism 

released the squids from these depth restrictions. 

During the late Paleozoic and Mesozoic, cephalopods were 

the dominant and most highly developed pelagic animals until 

fishes excluded them from many pelagic niches. The fast, 

agile coleoid design may have evolved as a result of competi- 

tion with fish and may account for the many convergent 

features, such as complex eyes, shared by the two taxa. With 

further modification, the coleoid design permitted invasion of 

the deep and open ocean, from which the ammonoids and 

nautiloids were excluded. 

Approximately 50% of cephalopod genera inhabit open 

ocean as opposed to coastal habitats and are found at all lev- 

els in the water column. Most, however, inhabit the uppermost 

1000 meters, near the boundary between the mesopelagic 

(200-1000 m) and bathypelagic (1000-4000 m) zones, but 

there are species that live at deeper levels. Many epipelagic 
. 

(0-200 m) and mesopelagic cephalopods undergo diel vertical 

migration (DVM), moving upward during the night and 

returning to greater depths during the day. Squid may have high 

population densities and an important role in pelagic food webs. 

The stomachs of slaughtered sperm whales often contain the 

beaks of 2500 to 4000 squids, and one whale feasted on 14,000. 

Most incirrate octopods have returned to benthic habitats. 

The body is globular and baglike, and there are no fins 

A 

(Fig. 12-73). The mantle edges are fused dorsally and laterally 

to the head, resulting in a much more restricted aperture into 

the mantle cavity. Although octopods are capable of jetting 

backward with arms trailing, they usually crawl about over the 

rocks around which they live. The arms have adhesive suction 

discs that are used to pull the animal along or anchor it to the 

substratum. Species of Octopus usually occupy a den or retreat, 

from which they make feeding excursions. 

A very different mode of existence is exhibited by a number 

of families of deepwater cirrate octopods, some bathypelagic 

and some abyssobenthic. These animals, which have fins and 

webbed, umbrella-like arms, swim like jellyfish, by pulsations of 

the arms, but also use water jets from the funnel (Fig. 12-72). 

NUTRITION 

Appendages 
Cephalopods are highly adapted for raptorial feeding and 

a strictly carnivorous diet. Prey is located with the efficient, 

image-forming eyes and captured with the unique, prehensile, 

circumoral appendages. Squids and cuttlefish have 10 of these 

appendages, arranged in five pairs around the head (Fig. 

12-64). The eight arms are short and heavy, but the fourth 

pair down from the dorsal side are long, retractile tentacles 

(Fig. 12-74A). 

The inner surface of each arm is flattened and covered 

with stalked, cup-shaped, muscular suckers (Fig. 12-64). The 

rim of the cup is applied to the substratum (the prey) to form 

a seal, whereupon contraction of radial muscles in the cup 

wall expands the cup volume to create a negative pressure and 

a strong suction. Contraction of circular muscles reduces the 

volume of the cup and releases the suction. 

The rim of the sucker may be toothed, and the inner wall 

in some species has hooks (Fig. 12-76). Some squids have 

curved hooks instead of suckers. Although suckers are present 

for the entire length of the arms, they occur only on the flat- 

tened spatulate ends of the tentacles. The highly mobile 

tentacles are extended rapidly to seize prey. The arms aid in 

B 

FIGURE 12-76 Suckers. A, Toothed suckers of the squid Lolliguncula brevis. B, Scars from the suckers 
of the giant squid Architeuthis on the skin of a sperm whale. Sperm whales are the principal predators of the 
giant squid. 



FIGURE 12-77 Diagrammatic lateral view of the digestive tract of the cuttlefish, Sepia, viewed from the right. 

The buccal mass is sectioned sagittally. (Adaptedfrom Budelmann, B. U., Schipp, R., and von Boletzky, S. 1997. 

Cephalopoda. In Harrison, F. W. and Kohn, A.J. (Eds): Microscopic Anatomy of Invertebrates. Vol. 6A, Molluscs II. Wiley-Liss, 

New York, pp. 119-414; after Mangold, K, and Bidder, P. M. 1989. L’appareil digestif et la digestion. In Mangold, K. (Ed.): 

Cephalopodes. Traite de Zoologie, no. 5. Paris, Masson; and Kozloff E. N. 1990. Invertabrates. Saunders College Publishing, 

Philadelphia, PA. 866 pp; after Tompsett, D. H. 1939. Sepia. Liverpool Mar. Biol. Comm. Mem. 32:1-184) 

holding and manipulating the prey after capture by the tenta- 

cles (Fig. 12-74A). 

Octopods have eight arms and no tentacles. The arms are 

similar to those of squids, except that the suckers are sessile 

(stalkless) and lack horny rings and hooks. 

Nautilus has some 90 arms arranged around the head (Fig. 

12-65). Many are chemosensory or tactile receptors, but some 

are prehensile and used to bring food to the mouth. Nautilus 

arms lack adhesive suckers or discs, but have transverse 

friction ridges to help hold the prey. The bases of the arms are 

united and form a cephalic sheath that encircles the buccal 

area. Dorsally, the cephalic sheath is continuous with a large, 

leathery, protective hood that acts like an operculum and 

covers the aperture when the animal withdraws. 

Digestive System 
Although there is variability in the cephalopod digestive system, 

most conform to a common plan (Fig. 12-77). The mouth 

opens into the buccal cavity and the long esophagus extends 

posteriorly from the buccal cavity to the stomach. The gut is 

U-shaped, and the intestine exits the posterior stomach and 

t xte nds anteriorly to the anus. Several diverticula join the gut in 

tin legion of the esophagus-stomach-intestine junction. Their 

size, morphology, function, and position vary by taxon. 

I ht month is suiiounded by the ring of appendages. It 

opens into the buccal cavity and is equipped with a pair of 

large dorsal and ventral jaws forming a parrotlike beak (Fig. 12- 

63). I he hard jaws, composed of tanned protein and chitin, 

are equipped with powerful muscles that form a large buccal 

mass occupying much of the interior of the head. The beak 

bites off large pieces of prey tissue, which are then pulled into 

the buccal cavity by the radula (Fig. 12-77) and swallowed. The 

buccal mass is located within a blood sinus that permits the ani- 

mal to rotate the entire buccal apparatus at will and apply the 

beak with great dexterity to the prey. 

The posterior wall of the buccal cavity bears a radular 

pouch and a radula (Fig. 12-77) that consists of transverse and 

FIGURE 12-78 Radula of Octopus briareus. 

longitudinal rows of teeth (Fig. 12-78). Each transverse row 

includes several types of teeth, and the number and types 
of teeth in each row vary with taxon. In Octopus, for example, 

9 teeth are in each row, and in Nautilus there are 13. Each lon- 

gitudinal row is composed of the same type of teeth. 

Two pairs of salivary glands and a submandibular gland 

empty into the buccal cavity. The anterior salivary glands (Fig. 

12-77) are either in or near the buccal mass and secrete mucus 

into the buccal cavity. An unpaired submandibular gland has 

a similar function. The posterior salivary glands (venom glands) 

are situated farther posteriorly and secrete poison, proteolytic 

enzymes, hyaluronidase, and other compounds. The poison, 

which varies with species, enters the hemal system of the prey 

through wounds inflicted by the beak. Vasodilators and heart- 

exciting neurotransmitters accompany the toxin and hasten its 

spiead by the hemal system of the prey. The little blue-ringed 
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octopus Hapalochlaena maculosa, which feeds on crustaceans in 

shallow water in the Indo-Pacific, is extremely venomous (its 

toxin is a tetrodotoxin) and, although reluctant to bite, it has 

been responsible for a few human fatalities. 

The long esophagus conducts food posteriorly from the 

buccal cavity to the stomach (Fig. 12-77). Its walls contain 

circular and longitudinal muscle layers, and food transport is 

by muscular peristalsis rather than cilia. This differs radically 

from food transport in all other molluscs, but is the same as in 

vertebrates. In most cephalopods the esophagus is a narrow 

tube leading posteriorly to the muscular stomach (Fig. 12-63), 

but in some, such as Nautilus (Fig. 12-65B) and Octopus, it is 

expanded to form a crop. Digestion begins in the esophagus. 

Important diverticula, including the digestive gland, 

pancreas, and cecum, attach to the gut in the vicinity of the 

stomach. The cecum is a large, coiled, thin-walled absorp- 

tive pouch and the digestive gland is a thick-walled tube. Part 

of the digestive gland is differentiated into a pancreas (Fig. 

12-77) and both of these structures empty into the cecum via 

the digestive ducts (hepatopancreatic ducts). Like the verte- 

brate liver, the digestive gland is the largest organ in the body. 

It performs many of the same functions as the vertebrate liver. 

Digestion in cephalopods is entirely extracellular and 

occurs primarily in the stomach and cecum. Food enters the 

stomach from the esophagus and is mixed with enzymes from 

the digestive gland and pancreas, which arrive via the digestive 

duct. A system of sphincter valves and grooves routes the 

chyme in a complicated pathway between the stomach, cecum, 

and intestine as digestion and absorption occur. Most absorp- 

tion takes place across the walls of the cecum (as in Loligo) or 

the digestive gland (as in Sepia and Octopus). 

The intestine exits the anterior wall of the stomach and 

passes anteriorly to empty via the anus in the mantle cavity. 

The distal portion of the intestine is the rectum. Resorption of 

valuable molecules probably occurs in the intestine. Large, 

indigestible items in the stomach are passed directly into the 

intestine without entering the cecum or digestive gland. Wastes 

leave the anus near the funnel and are carried away with the 

exhalant water jet. The digestive modifications of cephalopods, 

particularly squids, are probably adaptations for the rapid diges- 

tion required by an active pelagic life and a carnivorous diet. 

Ink Sac Complex 
An ink sac complex is present in most coleoids but absent in 

nautiloids. It consists of an ink gland, ink sac, and ink sac duct 

(Fig. 12-77) derived from a diverticulum of the rectal wall. The 

gland secretes a dark brown, black, or blue ink composed of 

a suspension of melanin granules. The ink is stored in the ink 

sac, which is connected to the lumen of the rectum by a duct. 

Contraction of the muscular walls of the sac ejects ink from the 

anus into the exhalant water current. Outside the mantle cavity, 

the ink rapidly disperses to form a dark cloud that may confuse 

a predator or hide the escape maneuvers of the cephalopod. 

The alkaloid nature of the ink may be objectionable to preda- 

tors, particularly fish, whose chemoreceptors it may anesthetize. 

Diet 
The diet of cephalopods varies depending on their habitat. 

Pelagic squids, such as Loligo and Alloteuthis, feed on fish, crus- 

taceans, and other squids. Loligo darts into a school of young 

mackerel, seizes a fish with its tentacles, and quickly bites out 

a chunk behind the head or bites off the head. The fish is 

devoured with small bites of the beak until only the gut and 

tail remain. These parts are then dropped to the bottom. 

Cuttlefish swim over the bottom and feed on epibenthic 

invertebrates, especially shrimps and crabs. Sepia may rest on 

the bottom, lying in wait for passing prey. 

Octopods live in dens located in crevices and holes and 

make excursions in search of food or lie in wait for it near the 

entrance of their lair. Clams, snails, and crustaceans are com- 

mon prey, and the diet of a single species may include as many 

as 55 different prey items, although a few items predominate. 

Some of the prey are eaten during the foraging excursion and 

others are taken back to the den to be eaten there. Octopods 

commonly have shell middens around their dens. 

Enteroctopus dofleini, found along the western coast of the 

United States, is most active at night and has foraging areas of 

up to 250 m surrounding the den. The reef-inhabiting, 

Indo-Pacific Octopus cyanea is active during the day; it may 

make hour-long hunting excursions over distances of up to 

100 m. Movement is by a combination of swimming and crawl- 

ing, and the animal may perch momentarily on a rock during 

the course of an expedition. The octopus leaps on motile prey, 

such as a crab, enveloping it in the outstretched arm web. 

It may also leap on algal clumps and other objects and then 

feel beneath the web to see if it caught anything. It paralyzes 

its prey with venom from the salivary glands and may take 

several paralyzed prey home for later consumption. 

In contrast to cuttlefish and squids, which tear prey with 

the beak, the feeding habit of octopods resembles that of 

spiders. The prey is injected with poison, with or without 

a bite from the beak, and then flooded with enzymes. The par- 

tially digested and liquefied tissues pass into the gut and the 

indigestible remains are eventually discarded. To remove gas- 

tropods from their shells, octopods drill a hole through the 

shell with the radula or a toothed salivary papilla and inject 

poison directly into the soft tissue. A chemical softening agent 

is secreted to assist in the drilling process. A few deep-sea 

octopods are suspension feeders convergent with jellyfish. 

Nautilus is a scavenger and benthic predator specializing in 

decapod crustaceans, especially hermit crabs. When feeding, it 

swims forward, searching the bottom with its extended arms. 

Efforts to capture nautiloids with baited traps are successful 

only when placed on the bottom, never when suspended in 

the water column. 

GAS EXCHANGE 
Gas exchange in most cephalopods is accomplished by a pair of 

bipectinate, nonciliated gills (Fig. 12-64, 12-79), but the general 

body surface also contributes. Cephalopod gills are thought to 

be homologous to those of the ancestral mollusc. They are 

attached to the dorsal wall of the mantle cavity by a gill ligament 

and their filaments are twice folded to create a large surface 

area. The locomotory flow of water through the mantle cavity 

also ventilates the gills. Nautiloids have four gills (tetrabranchi- 

ate), whereas coleoids have only two (dibranchiate). 

Muscular contractions of the mantle create a posterior flow 

of water into the ventral mantle cavity that turns dorsally to pass 

between the gill filaments and then flows anteriorly out the 
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FIGURE 12-79 Anatomy of the squid Loligo (male). Ventral view, 

with the mantle opened along the ventral midline to reveal organs 

within the mantle cavity. (By Mary Ann Nelson.) 

funnel (Fig. 12-64). Flow over the filaments is usually con- 

sidered to be concurrent, but in some regions it may be coun- 

ter cunent. The loss of countercurrent exchange efficiency is 

compensated for by the large folded gill surface area; supple- 
mentary use of the body surface; the powerful, swift, muscle- 

generated respiratory current; and an efficient, pressurized 

blood supply to the gills. Even so, most cephalopods are 

restneted to cold water, which has a higher oxygen solubility, 
and will perish quickly in warm water. Cephalopods that swim 

with webbed arms often have vestigial gills, and gas exchange 

takes place through the enhanced surface area of the webbing. 

INTERNAL TRANSPORT 
The coleoid hemal system is adapted to support an active, fast 

predator with a high metabolic rate. Unlike that of other mol- 

luscs, but like that of vertebrates, the system is “closed,” with 

the blood contained in a system of vessels, including capillar- 

ies, rather than in hemocoelic sinuses. Arteries and veins 

aie connected by capillary beds (and some sinuses), where 

exchange with the tissues occurs. Capillaries provide for a 
\astl\ greater aiea of contact between the hemal system and 

the tissues than is provided by large sinuses. Furthermore, the 

blood vessels are lined by a cellular endothelium similar to 

that of vertebrates and very different from other invertebrates. 

There is a systemic heart dedicated to pumping blood to the 

body and nvo auxiliary branchial hearts whose function is to 

provide the gills with pressurized blood (Fig. 12-80A). The sys- 

temic heart is a heavily muscularized organ consisting of a 

central ventricle and a pair of atria, one for each gill. Both 

atria and ventricle are muscular and contractile. 

The walls of the hearts consist of an outer epithelial 

epicardium, a middle muscular myocardium, and an inner 

epithelial endocardium (endothelium), as do those of verte- 

brates. Also like the vertebrates, the major blood vessels are 

composed of three layers: an outer tunica adventitia consisting 

primarily of connective tissue with elastic fibers, a middle 

tunica media that is largely muscular, and a tunica intima 

consisting of the endothelium and its basal lamina. Most of the 

venous system, including veins and lacunae, is contractile to 

facilitate the return of blood to the hearts. Cephalopod blood 

con tains hemocyanin to assist in the transport of oxygen. 

The central systemic heart of coleoids pumps oxygenated 

blood through the aortae to the tissues (Fig. 12-80A,B). 

Unoxygenated blood from the tissues flows through the vena 

cavae to a pair of branchial hearts, one for each gill. Contrac- 

tions of the branchial hearts force blood through the afferent 

branchial vessels and into the gills (Fig. 12-80B). Oxygenated 

blood exits the gills via the efferent branchial vessels to the 

systemic heart to complete the circuit. The possession of auxil- 

iary hearts is not as strange as it may seem. They are present in 

mammals and birds, for example. The right heart of mammals 

is an auxiliary heart (viz. a “pulmonary” heart) dedicated to 

providing the lungs with pressurized unoxygenated blood. 

The left heart is the systemic heart that pumps oxygenated 

blood to the rest of the body. In mammals the two hearts 

happen to be stuck together but that is an accident of their 

evolution and ontogeny and is not a functional necessity. 

Unlike that of coleoids, the hemal system of nautiloids is 

not completely closed, and it has more in common with that 

of other molluscs. The nautiloid systemic heart has four atria 

and there are no branchial hearts. 

EXCRETION 
Nitiogen metabolism is ammonotelic. The major excretory7 sys- 

tem of coleoids is similar to that of other molluscs in that an 

ultrafiltrate of the blood is produced into the pericardial cavity 

and then modified by secretion and absorption before being 

released as final urine (Fig 12-80A,C). The process is modified 

in the coleoids to improve its efficiency and compensate for 

the absence of an open hemocoel in which to bathe the 

nephridium. The nephridia are associated with the branchial 

hearts rather than the systemic heart. Four nephridia are pre- 

sent in nautiluses, two in coleoids. 

The nephridium, known as the renal sac, and the renoperi- 

cardial duct connect the pericardial cavity of the branchial 

heart with the mantle cavity (Fig. 12-80A,C). On its way to the 

branchial heart, the surface of the vena cava is expanded to 

form renal appendages, which are in contact with the thin, 

permeable walls of the renal sac. A region of the branchial 

heart wall (known as the branchial heart appendage; Fig. 

12-8OA) that is equipped with podocytes is the site of ultrafil- 

tration. The primary urine is formed in the pericardial cavity 

and modified by selective adsorption and secretion between 

the renal appendages and renal sac to become the final urine. 

Thus, contractions of the branchial heart pressurize the blood 
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FIGURE 12-80 Cephalopod hemal and excretory systems. A, Enteroctopus dofleini. The arrows indicate 
the flow of blood and urine. B, Schematic diagram showing a simplified pattern of blood flow in a coleoid 
cephalopod. C, Schematic diagram depicting the spatial relationships between the components of the 
cephalopod excretory system. Solid arrows indicate blood flow and dashed arrows are urine. (A, After Potts, W. T. W. 
1965. Ammonia excretion in Octopus dofleini. Comp. Biochem. Physiol. 16:479-489.) 
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and force ultrafiltrate across its wall into the pericardial cavity 

and renopericardial duct. This primary urine flows into the 

renal sac, where it bathes the surfaces of the renal appendages 

and is modified, chiefly by secretion of ammonia from the 

renal appendages, but also by selective absorption of compo- 

nents of the urine back into the renal appendages. The final 

urine is excreted via the nephridiopores into the mantle 

cavity. The gills and pancreas are also involved in excretion. 

NERVOUS SYSTEM 
The highly developed cephalopod nervous system is unequaled 

among invertebrates and comparable to that of vertebrates. It is 

correlated with the locomotor dexterity necessary for the rapto- 

rial feeding of these animals. The central nervous system is 

strongly concentrated, cephalized, and bilaterally symmetrical. 

It is larger, in reference to body size, than the brain of fishes. It 

consists of numerous ganglia, their connectives, commissures, 

and nerves. It is supplied with information by a highly devel- 

oped sensory system. Homologs of the typical molluscan gan- 

glia, plus many more, are present but coalesced into a compact 

and complex brain enclosed in a cartilaginous cranium. The 

brain is a nerve ring that encircles the esophagus (Fig. 12-63), 

as in other molluscs, but its connectives and commissures are 

unusually short so that the ganglia, even the visceral, are very 

close together (Fig. 12-81). The brain is divided into a supra- 

esophageal region that is primarily sensory and integrative and 

a subesophageal region that is primarily motor. 

The two cerebral ganglia (Fig. 12-81), located dorsal to the 

esophagus, process sensory input from the eyes, statocyst, and 

olfactory epithelium. The eyes and statocyst are enclosed in 

cartilaginous optic and otic capsules, respectively. The buccal 

ganglia control the muscles of the buccal mass and are con- 

nected to the cerebral ganglia by connectives. The two pedal 

ganglia ventral to the esophagus connect with the two cerebral 

FIGURE 12-81 Sagittal section of the brain of the squid Loligo. 

{Redrawn from Budelmann, B. U. Schipp, R. and von Boletzky, S. 1997. 

Cephalopoda. In Harrison, F. W., and Kohn, A.J. (Eds.): Microscopic Anatomy 

of Invertebrates. Vol. 6A: Mollusca II. Wiley-IJss, New York pp. 119-414; after 

Young, J. /. 1976. The nervous system of Loligo. II. Suboesophageal centres. 

Phil. Trans. Ray. Soc. Lond. B 274:101-167.) 

ganglia by a pair of circumesophageal connectives, and the four 

ganglia and their connectives and commissures make up the 

nerve ring, as they do in all molluscs. As a derivative of the foot, 

the funnel is served by the pedal ganglia. Similarly, each 

appendage is served by a brachial nerve from a pedal ganglion. 

The two pleural ganglia are combined with the visceral 

ganglia but are not discernible externally. The combined 

pleurovisceral ganglia (also known as the palliovisceral ganglia) 

are connected with the pedal ganglia by short connectives. 

A pair of large pallial nerves from the pleurovisceral ganglia 

extend to the stellate ganglia (Fig. 12-64), through which they 

supply the swimming muscles of the mantle. Ordinary swim- 

ming and respiratory contractions of the mantle musculature 

result from impulses conveyed through a system of many small 

motor neurons radiating from the stellate ganglia, one in each 

side of the mantle wall. 

The rapid escape movements of fast-jetting cephalopods 

such as squids result from a highly organized system of giant 

motor axons that bring about powerful synchronous contrac- 

tions of the circular muscles of the mantle. Since speed of 

transmission of nerve impulses is directly related to the diame- 

ter of the neuron, the giant axons conduct information 

rapidly and at a rate proportional to their diameter. The 

longest axons, extending to the posterior mantle cavity, have 

the greatest diameter, whereas the neurons with shorter dis- 

tances to travel have proportionately smaller diameters. A 

command sent from the visceral ganglion to contract will thus 

travel fastest on the neurons that have the longest distance to 

traverse and slowest in the short neurons. This assures that the 

signals carried on all neurons will arrive at their target muscles 

simultaneously, as in a “time on target” artillery barrage. All 

mantle muscles receive the command at the same time and 

contract simultaneously to produce a powerful, efficient 

expulsion of water from the funnel. 

SENSE ORGANS 
Ihe well-developed cephalopod sensory system is an adapta- 

tion for raptorial feeding and rapid locomotion. The three 

primary cranial senses of vertebrates — olfactory, optic, and 

otic — are present, closely associated with the brain, and 

housed in sense capsules associated with the cranium, as they 

are in vertebrates. Other senses are also present. 

Vision 
The sophisticated camera-style eyes of coleoid cephalopods 

(Fig. 12-82) are strikingly similar in structure to those of fishes 

but are unusually large. Each eye is housed in a cartilaginous 

optic capsule that is fused with the cranium. The epider- 

mis covering the eye laterally is a transparent cornea. The iris, 

with a slit-shaped pupil in its center, lies inside the cornea. The 

iris is a muscular diaphragm that adjusts the size of the pupil to 

regulate the entry of light. The lens is suspended by the ciliary 

muscle just inside the pupil. The retina covers the back of the 

eye and consists of closely packed rhabdomeric photoreceptor 

cells. Light passes through the cornea, pupil, and lens before 

striking the retina. A pigmented choroid and a tough connec- 

tive tissue sclera lie under the retina, enclosing the eye and 

giving it shape. The axons of the photoreceptors extend to the 

large optic ganglion lying beside the cerebral ganglion. 
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FIGURE 12-82 The eye of Octopus in cross section. (After Wells, M.J. 

1961. What the octopus makes of it; our world from another point of view. Adv. 

Sci. London. 20:461-471.) 

The retina consists of a single layer of photosensitive retin- 

ula cells whose parts are arranged into three layers, with the 
<9 

light-sensitive region closest to the light source. Each retinula 

cell has a rhabdomere with up to 700,000 rhodopsin-bearing 

microvilli. The rhabdomeres of four adjacent retinula cells 

form a rhabdome similar to that of the arthropod ommatid- 

ium. The cephalopod retina is part of a direct pigment cup 

with its receptors facing the source of light. Due to a happen- 

stance of its evolutionary history, the vertebrate eye is an indi- 

rect pigment cup with its photoreceptors facing away from the 

light source. The cephalopod pigment cup forms during 

ontogeny as an invagination of the ectoderm of the head 

whereas that of the vertebrates forms as an evagination of the 

lateral wall of the brain, which itself formed as an invagination 

of the head ectoderm. The orientation of the cephalopod eye 

is controlled by from 4 to 14 extrinsic eye muscles similar to 

the six such muscles of the vertebrate eye. 

The cephalopod eye undoubtedly forms an image, and the 

optical connections appear to be especially effective in analyzing 

vertical and horizontal movement of objects in the visual held. It 

is sensitive to polarized light. Experimental studies indicate 

that Octopus can discriminate objects as small as 0.5 cm from a 

distance of 1 m, which is comparable to the abilities of fishes. 

With few exceptions cephalopods have only one visual pigment 

and they cannot discriminate among colors. The lens of shallow- 

water cephalopods contains a yellow pigment that absorbs ultra- 

violet radiation and protects the retina from its harmful effects. 

Species from deeper water lack the yellow pigment. 

The spherical lens has a depth of focus from about 3 cm to 

infinity and there is little need for accommodation, although the 

ciliary muscles can accomplish limited focusing by changing the 

position of the lens. Like that of fishes, the cephalopod cornea 

has a refractive index near that of water and is unable to refract 

light passing through it, and so is of litde use in focusing. 

The cephalopod eye adjusts to changes in light intensity by 

modifications in the pupil’s size and by the migration of 

pigment in the retina. In bright light the pupil is constricted 

and screening pigment in the retinula cells moves distally to 

isolate adjacent cells much as it does in a light-adapted 

(apposition) arthropod ommatidium. In dim light the pupil 

dilates and the retinal screening pigment is withdrawn so that 

more light reaches the sensory cells. 

Squids of the taxon Histioteuthidae, which live in the 

mesopelagic zone, have bilaterally dimorphic eyes. The large 

left eye is directed upward and responds to faint light from 

the surface, and the small right eye is directed forward and 

responds to bioluminescent light. 

The large eyes of Nautilus are carried at the end of short 

stalks. Although the eye contains a large number of photore- 

ceptors, it lacks a lens and its interior is open to the external 

seawater through a small aperture, the pupil. It presumably 

functions like a pinhole camera, but without a lens the resolv- 

ing power and image-forming capability must be very limited. 

Its primary function is probably simple light detection. 

Most cephalopods, but not Nautilus, have accessory pho- 

toreceptive vesicles that resemble simple eyes. These apparently 

assess the intensity of light passing down in the water column 

from above. Such information might be useful in adjusting 

countershading or for coordinating diel vertical migrations. For 

countershading, adjustments in chromatophore deployment 

match the brightness of the ventral surface with the intensity of 

down-welling light so that the animal is invisible from below. 

Equilibrium 
A system of mechanoreceptors mimics many of the functions of 

the lateral line and inner ear (acousticolateralis) system of verte- 

brates. In fishes this system consists of neuromasts (hair cells) 

associated with cupulae extending into water-filled endolym- 

phatic spaces. They detect gravity, acceleration, turning motions, 

equilibrium, and vibrations in water. 

The cephalopod statocyst is the analog of the fish inner ear. 

Although present in nautiloids, statocysts (Fig. 12-63) are best 

developed in coleoids, in which they are large and embedded in 

cartilaginous otic capsules on each side of the braincase 

(Fig. 12-81). They provide information about body position in 

relation to gravity and, like the semicircular canals of the 

vertebrate inner ear, detect angular acceleration. Without its sta- 

tocysts, a cephalopod cannot keep the pupil slits of the eyes hori- 

zontal or discriminate between horizontal and vertical surfaces. 

The statocyst is a cavity lined with ciliated mechanoreceptors 

and a central statolith. Some ciliated cells respond to deforma- 

tion by the statolith, and others, equipped with cupulae, are 

deformed by fluid movement resulting from acceleration. 

Lateral Line Analog 
The head and arms of decapods have epidermal lines of hair 

cells sensitive to weak water movement and pressure waves. 

These are analogous to and have the same function as the 

lateral line system of fishes. The organization of the hair cells in 

lines confers directionality on the signal. The squid can com- 

pare the time of arrival of the pressure wave at opposite ends of 

the line of receptors to infer the direction of origin of the wave. 

The epidermal lines are used to detect vibrations originating 

with prey and perhaps also from predators or conspecifics. 

Chemoreception 
Cephalopods have both contact (gustation, taste) and distance 

(olfaction, smell) chemoreceptors, but the chemical senses do 

not appear to be nearly as important as vision, at least not in 

coleoids, which are strongly visually oriented animals. Nautilus, 

with its poorer vision, apparently relies more heavily on 

chemoreception. Coleoids have patches of olfactory epithelium 
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(the olfactory organs) on the sides of the head. The axons from 

these receptor cells form an olfactory nerve extending to a cere- 

bral ganglion. The suckers and lips of coleoids and the tentacles 

of Nautilus are equipped with contact chemoreceptors. The 

arms, and especially the sucker epithelium, are liberally sup- 

plied with tactile cells and chemoreceptor cells, particularly in 

the benthic hunting octopods. Osphradia are absent in all 

cephalopods except Nautilus, in which they are located in the 

mantle cavity upstream of the gills. 

INTEGUMENT AND CHROMATIC 
ORGANS 
The cephalopod integument is a thin outer epidermis underlaid 

by a connective-tissue dermis. The epidermis is a simple colum- 

nar epithelium including mucous and sensory cells and having a 

basal lamina. The dermis is composed of collagen fibers, ground 

substance, and abundant chromatic organs of various types. The 

variable and complex external coloration of most cephalopods 

(other than Nautilus) is caused by the interplay of the dermal 

chromatic organs, which include chromatophores, leucophores, 

reflector cells, iridiocytes, and photophores. 

Chromatophores are multicellular organs consisting of a 

central pigment cell and numerous small radial muscles 

under nervous control (Fig. 12-83A). The plasma membrane 

of the pigment cell is extensively folded to allow for expan- 

sion and most of the cell’s interior is occupied by a large, flat- 

tened, elastic pigment sac filled with pigment granules. The 

radial muscles lie in the equatorial plane of the flat chro- 

matophore, originate in the dermis, and insert on the elastic 

wall of the pigment sac. Contraction of the muscles dilates 

the pigment sac and converts it to a large, flat plate. This dis- 

perses the pigment over a larger surface, making it more visi- 

ble. Pigment cells may increase their diameter by a factor of 

20 when expanded. Relaxation of the radial muscles allows 

the elastic sac to return to its original smaller size and once 

again concentrates the pigment in a smaller area, rendering 

it less visible. Each pigment cell contains a single pigment, 

which may be red, orange, brown, black, yellow, or blue. 

Chromatophores are controlled by the nervous system and 
each muscle fiber ieceives at least one motor axon. There may 

also be hormonal control. Changes in chromatophore 

dispersal typically result from visual stimulation. The extent of 

col01 change and the nature of the required stimulus vary 
considerably. The cuttlefish Sepia officinalis displays complex 
color changes and may imitate the hues and patterns of sand, 

tock, and other backgrounds. Most changes, however, are 

correlated with behavior. Many species exhibit color change 

when alarmed. For example, the littoral squid Loligo vulgaris is 

normally very pale, but darkens when disturbed. On the other 

hand, the Caribbean reef squid Sepioteuthis sepioidea lightens its 

coloration when alarmed. A frightened octopus may flatten its 

body and present an elaborate “defensive” color display, 

including waves of colors flowing over the body and large dark 

spots around the eyes. Color displays associated with courtship 

in many cephalopods are described in the next section. 

Iridiocytes also contribute to the color of the animal. These 
are individual cells located in the dermis, iris, and ink sac. They 

are elliptical cells whose extensively folded plasma membrane 

is a diffraction grating that refracts light of specific wavelengths 

Radial muscle fiber 

Pigment sac 

Elastic membrane 

Cell membrane 

Pigment cell 

B C 

FIGURE 12-83 Chromatophores. A, Polar view of a partially 

expanded chromatophore. The radial muscles are confined to the 

equatorial plane. B, The squid Lolliguncula brevis with most of its 

chromatophores expanded. The central pigment cell of each expanded 

chromatophore is clearly visible as a large circular or oval plate of up to 
1.5 mm in diameter. C, The squid Lolliguncula brevis with most of its 

chromatophores contracted. (A, Drawn from a photograph in Budelmann, 

B. U., Schipp, R., and von Boletzky, S. 1997. Cephalopoda. In Harrison, F. W., 

and Kohn, A. J. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 6A: Mollusca. 

Wiley-Liss, New York. pp. 119—414; after Florey, E. 1969. Ultrastructure and 

function of cephalopod chromatophores. Am. Zool. 9:429-442.) 

although no pigments are present. Iridiocytes can be silver, 

pink, green, blue, yellow, red, or gold. Their colors are typically 

iiidescent and metallic. One type, the passive iridiocyte, pro- 

duces a single color, whereas active iridiocytes are variable. The 

coloration of the skin at any particular time is due to the com- 

bined effects of the chromatophores and iridiocytes. 

Bioluminescence is common in deep-sea teleost fishes, 

ciustaceans, and cephalopods. About half of coleoid genera 
have bioluminescent organs, or photophores, that produce 

light (Fig. 12-84, 12-61). Photophores may be bacterial, in 

which the light is produced by symbiotic bacteria, or intrinsic, 

in which the light is produced by the mollusc itself. The struc- 

tuie of cephalopod photophores is variable, but they typically 
consist of a cup-shaped reflector, often made of iridiocytes, that 
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FIGURE 12-84 Light organs (indicated by spots) in the squid 
Nematolampas. Eye and body light organs serve for counteriiiumination; 
those on arm tips are of unknown function. (From Herring, P. J. 1977. 

Luminescence in cephalopods and fish. In Nixon, M., and Messenger, J. B. 

(Eds.): The Biology of Cephalopods. Symposia of the Zoological Society of London. 

38. Academic Press, London, pp. 127-159.) 

faces the body surface and contains the photogenic cells, which 

produce the light, within its cup. A lens may be present over 

the mouth of the cup. Superficially, photophores resemble 

eyes but emit light rather than receive it. They occur on the ink 

sac, head, appendages, and mantle and are largely restricted to 

decapods. The two primary roles of photophores are counteril- 

lumination of the ventral surface to match the intensity of 

down-welling light and intraspecific communication. 

REPRODUCTION 
Cephalopods are gonochoric and, like the gastropods, have 

a single posterior gonad associated with the coelom. Fertil- 

ization is usually external (usually in the mantle cavity) but 

sometimes internal; sperm transfer is indirect with copulation 

and involves spermatophores and an intromittent organ. In 

cephalopods the coelom consists of the pericardial cavity and a 

large gonocoel (Fig. 12-64). The gonad, either ovary or testis, 

bulges into the gonocoel and releases gametes into it. In each 

sex the gonocoel connects with the mantle cavity via a gono- 

duct derived proximally from a coelomoduct and distally from 

an ectodermal invagination of the mantle epithelium. 

In the male the gonoduct is unpaired and consists of the con- 

voluted vas deferens and a seminal vesicle with ciliated, grooved 

walls. In the seminal vesicle the sperm are rolled together to 

form large, elongate spermatophores (Fig. 12-85A), which are 

stored in a large spermatophoric sac (Needham’s sac). The gon- 

oduct extends as a tube, known as the penis, from the sper- 

matophoric sac into the mantle cavity (Fig. 12-79). Although the 

male gonopore is at the distal end of the penis, the penis is not 

an intromittent organ. Sperm transfer is indirect. 

In females the oviduct may be single or paired and extends 

from the gonocoel to the oviductal gland and then continues to 

the gonopore in the mantle cavity. A pair of large ectodermal 

FIGURE 12-85 A, Spermatophore of Loligo. B# Hectocotylus arm of 
the squid Loligo roperi. (B, From Nesis, K. N. 1987. Cephalopods of the 

World. T. F. H. Publications, Inc., Neptune City, N. J. 351 pp.) 

nidamental glands opens into the mantle cavity. Accessory nida- 

mental glands of unknown function but containing populations 

of symbiotic bacteria are also present. There may be a seminal 

receptacle for the storage of spermatophores or sperm. In 

octopods the seminal receptacle is part of the oviduct, but in 

most it is in the mantle cavity and independent of the duct. 

Courtship and Fertilization 
Fertilization may take place within the mantle cavity or in the 

sea outside, but in either case it always involves copulation and 

indirect sperm transfer. One or more of the arms of the male 

is modified to serve as an intromittent organ known as a 

hectocotylus (Fig. 12-85B). The degree of modification of 

the hectocotylus varies but typically involves adaptation of 

the tip of an arm, and its suckers, to pick up and transport 

spermatophores. In Sepia and Loligo several rows of suckers 

are smaller and form an adhesive area for handling sper- 

matophores. In Octopus the tip of the arm carries a spoonlike 
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depression and in Argonauta and others there is actually a 

cavity or chamber where the spermatophores are stored. 

Before copulation a male cephalopod performs various dis- 

plays that serve to identify it as a potential mate to the female. 

The male cutdefish Sepia presents a striped color pattern and 

establishes a temporary bond with a female, swimming above 

her. The display is also directed toward intruding males and, if 

there is a confrontation, the weaker male departs. In pelagic 

cephalopods copuladon occurs while the animals are swimming, 

the male grasping the female head-on (Fig. 12-86). During copu- 

ladon the hectocotylus picks up spermatophores from the sper- 

matophoric sac. The hectocotylus is then inserted into the 

female’s mande cavity to deposit the spermatophores in the 

appropriate location for die species. This may be on the mande 

wall near the gonopores or, as in Octopus, into the genital duct 

itself. In Loligo and other taxa of the same family, the hectocoty- 

lus may be inserted into the female’s horseshoe-shaped seminal 

receptacle, located in a fold beneath the mouth. The buccal 

membrane alone receives the spermatophores in Sepia. 

The spermatophore is shaped like a club or baseball bat and 

consists of an elongate sperm mass (sperm rope), a cement 

body, a coiled, springlike, ejaculatory organ, and a cap with 

a thread attached (Fig. 12-85A). Upon transfer to the female, 

the cap falls off and the sperm reservoir is evaginated by an 

increase in pressure between the outer tunic and the reservoir, 

created by the swelling of the jelly that fills this space. The sperm 

reservoir attaches to the female mande wall by the cement body. 

Sperm are released and used immediately to fertilize eggs or 

stored until oviposition occurs at a later time. 

As the eggs pass through the oviductal gland, they are 

enclosed in a capsule composed of its gelatinous secretions. 

Further coatings may be added in the mantle cavity by the 

nidamental glands. In Loligo, secretions from the nidimental 

glands surround the eggs in a gelatinous mass. In the mantle 

cavity, the eggs are fertilized by sperm from the remains of the 

spermatophore or from the seminal receptacles. The eggs and 
their coatings leave the mantle cavity, often though a funnel 

formed by the arms. The female attaches the fertilized eggs to 

the substratum in clusters or strings (Fig. 12-87A). The gelati- 

nous covering of each mass hardens on exposure to seawater 

and the individual egg capsules swell to several times the origi- 

nal diameter. Large numbers of Loligo come together to 

copulate and spawn at the same time, and a “community pile” 

of egg strings may be formed on the bottom. Adults usually 

die shortly after spawning. 

Sepia deposits its eggs singly but attaches each by a stalk to 

seaweeds or other objects. Octopus egg clusters resemble 

a bunch of grapes and are attached in rocky recesses. Female 

benthic octopods remain to ventilate the eggs after they are 

deposited. The females die after brooding their eggs. The egg 

masses of deepwater and some pelagic squids, such as the 

oegopsids, may be free-floating rather than attached. 

A remarkable adaptation for egg deposition occurs in the 

pelagic genus Argonauta, commonly known as the paper 

nautilus. The two dorsal arms of the female secrete a beauti- 

ful, calcareous case into which the eggs are deposited. The 

case is carried about and serves as a brood chamber. The 

posterior of the female usually remains in the case and when 

disturbed, she withdraws completely into the retreat. During 

copulation, the male hectocotylus breaks off in the female 

mantle cavity and remains active and wiggling. It was thought 

by early biologists to be a parasitic worm and was described 

under the name Hectocotylus. The name is now applied to the 

intromittent appendage of all cephalopods. 

Reproduction is assumed to be under hormonal control, 

although endocrinological studies have been largely restricted to 

octopods. Hormones are produced by a pair of spherical optic 

glands associated with the optic tracts. The secretions not only 

regulate the production of eggs and sperm but also, following 

spawning, cause the female to cease feeding and to brood her 

eggs. Death follows the reproductive period in both sexes. If the 

optic glands of brooding females are removed, they stop brood- 

ing and resume feeding, and the life span is extended. In contrast 

to coleoids, Nautilus can breed annually for a number of years. 

DEVELOPMENT 
Cephalopod eggs are yolky (macrolecithal) and larger than 

most mollusc eggs. The eggs of some, such as Sepia and Ozaena, 

are especially large and may reach 15 mm in diameter. Cleavage 

is superficial and meroblastic, with only the cytoplasm at the 

animal pole undergoing cleavage. This results in the formation 

of a blastodisc of cells at the animal pole (Fig. 12-87B) that 

develops into the embryo (Fig. 12-87C). During gastrulation the 

margin of the disc grows down (by epiboly) and around the 

yolk mass to enclose it in a yolk sac that is eventually incorpo- 

rated into the gut. Above the yolk mass, the disc differentiates 

upward to become the embryo with a dorsal shell gland, man- 

tle, gills, and lateral eyes. The funnel and arms develop ventrally 

on the disc as part of the foot and then migrate to more dorsal 

FIGURE 12-86 Copulation in the squid Loligo. 

(Based on a photograph by Robert F. Sisson.) 
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FIGURE 12-87 Development. A, Egg cluster of the Caribbean reef 
squid Sepioteuthis sepioidea. One of the young has just hatched, and 
others can be seen within the eggs. B, Discoidal meroblastic cleavage 
in Loligo. C, Embryo of Loligo. (B, After Watase from Dawydoff; C, After 
Naeffrom Dawydoff ) 

positions, with the arms forming a circle around the mouth 

and the funnel remaining ventral to it. The yolk is gradually 

absorbed as it nourishes the developing embryo. 

Although development is direct and there is no tro- 

chophore or veliger larva, the hatchlings may be planktonic for 

a time. This is true even of octopods that do not take up a ben- 

thic existence until they have reached a larger size. In some 

pelagic squids, the juveniles live at higher levels than do the 

adults. The shell of newly hatched Nautilus is about 25 mm in 

diameter and contains seven septa. 

Many cephalopods have short lifespans. Squids (such as 

Loligo) live only one to three years, depending on the species, 

and usually die after a single spawning. Octopus vulgaris also 

dies after one brood, when the animal is two years old. 

Nautilus, however, may have a life span of 15 or more years, 

taking as long as 10 years to reach sexual maturity, after which 

there is little growth of the shell. 

DIVERSITY OF CEPHALOPODA 
NautiloideasC: Small taxon with Nautilus being the only 

living genus (Fig. 12-65, 12-66A,C). Soft anatomy of fossil 

nautiloids is unknown. The four living species have two 

pairs of gills (tetrabranchiate), two pairs of nephridia, 

an external (ectocochleate) straight or planispiral cham- 

bered shell, abundant arms, pinhole camera eye with no 

lens, no ink sac, no chromatophores. Shell sutures simple 

and the many arms lack suckers. Shells of all Recent 

nautiloids are planispiral. Nautilus, Plectronoceras. 

AmmonoideasC: Extinct and known solely from their shells, 

which are coiled and external (ectocochleate), with complex 

interlocking sutures (Fig. 12-66B,D, 12-67). Ammonoids 

appeared in the seas of the Silurian period and persisted 

to the Cretaceous. Ancyloceras, Ceratites, Pachydiscus, Scaphites, 

Turrilites. 

ColeoideasC (Dibranchiata): Includes squids, cuttlefish, 

octopods, and vampyromorphs, all having 10 or fewer arms, 

two gills, two nephridia, an internal or vestigial shell, chro- 

matophores, ink sac, and large brain. Coleoids first appear 

in the fossil record in the Jurassic period but may have been 

present earlier. 

Belemnoideaso: Extinct. The first known cephalopods with 

an internal, three-part shell. Soft anatomy unknown. May 

have been early coleoids or coleoid ancestors. 

Decabrachiaso: Squids and cuttlefishes, which are most 

cephalopods. Eight arms and two longer tentacles, an inter- 

nalized shell. 

Sepioidea0: Shell is internal and chambered in most. Aarns 

lack hooks. 

Spirulidas0: Only one species, Spirula spirula (Fig. 12-63, 

12-69B), with internal, calcified, chambered, planispiral 

shell. Sometimes included in Sepiida. 

Sepiidas0: Cuttlefish (Fig. 12-74A). Calcified, internal, cham- 

bered, straight, septate shell, or it may be reduced or lost. 

Body usually is short and broad or saclike. Benthic or 

pelagic. Sepiidae is the only family, with about 100 species, 

including Metasepia, Sepia, Sepiella. 

Sepioiidas°: Three families and about 40 species of ben- 

thic bobtailed squids with small internal, chitinous pens. 

Idiosepius, Rossia, Sepiola. 
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Teuthoidea0: Squids. By far the largest and most heteroge- 

neous cephalopod taxon. Eight amis, two long tentacles. Shell 

is an internal dorsal, flattened pen. Body is usually elongate 

and tubular. Photophores present in many species. 

Myopsidas0: Transparent corneal membrane over eye. 

Although there are relatively few species, most are coastal 

and as a consequence tend to be more familiar than the 

deep-sea oegopsids. Two families. Alloteuthis, Loligo (Fig. 

12-74B), Lolliguncula (Fig. 12-70A), Sepioteuthis. 

Oegopsida50: Eyelids and circular pupil, but no corneal 

membrane. Most squids, and hence most cephalopods, 

are oegopsids. Eargely pelagic in deep water. Twenty-three 

families. Abralia, Abraliopsis, Architeuthis (Fig. 12-70B), Bathy- 

teuthis, Chiroteuthis (Fig. 12-71A,B), Cranchia (Fig. 12-71C), 

Ctenopteryx, Gonatus, Histioteuthis (Fig. 12-61), Illex, Ommas- 

trephes, Onychoteuthis. 

Octopodiformes50: Octopods. Eight arms, usuallly without 

tentacles. Body is a globular sac. 

Vampyromorpha0: Characteristics are intermediate between 

squids and octopods and taxon has been classified with both. 

Represented in fossil record by several species, but only one, 

the deep-sea Vampyroteuthis infernalis, is alive today. Small, 

deepwater octopod-like cephalopods with eight arms united 

by an interbrachial web and two reduced, retractable tenta- 

cles. Ink sac and chromatophores have been lost. 

Octopoda0: Eight arms, no tentacles, globular, saclike body, 

vestigial shell. 

Cirratas0: Figure 12-72; small taxon of finned octopods in three 

families; pelagic, deepwater octopods with gelatinous fins 

and arms with cirri; arms joined by a broad interbrachial 

web; ink sac and chromatophores lost and radula reduced. 

Cirrothauma, Cirroteuthis, and Opisthoteuthis. 

Incirratas0: Figure 12-73; includes most octopods (eight fami- 

lies). Web and fins lost. Most are benthic. Amphitretus, Argo- 

nauta, Eledonella, Enteroctopus, Hapalochlama, Octopus, Ozaena, 

Vitrelodonella. 
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FIGURE 12-88 A phylogeny of Cephalopoda. 1, Cephalopoda: 
pelagic habitat with hydrostatic organ and reorientation of major axis; 
large, beaklike jaws and raptorial feeding; circumoral arms; jet 
propulsion with funnel; cephalization and concentration of central 
nervous system; elaborate pinhole camera eyes; yolky eggs and 
direct development with trochophore lost. 2, Nautiloidea: two pairs 
of gills and nephridia. 3, N.N.: number of circumoral arms reduced. 
4, Ammonoidea: marginal siphuncle, elaborate interlocking sutures' 
5, N.N.: maximum of 10 arms; ink sac; internalization of shell, shell 
with rostrum; cartilaginous mantle-funnel interlocks; fins; eye with 
lens. 6, Belemnoidea: soft anatomy unknown; shell like that of primitive 
coleoids. 7, Coleoidea: arms have suckers; hectocotyli for spermatophore 
transfer. 8, Decabrachia: fourth pair of arms specialized for prey capture; 

stalked, movable suckers have a horny rim. 9, Sepioidea: chambered 
shell for buoyancy compensation. 10, Teuthoidea: shell reduced to a pen 
(gladius). 11, Octopodiformes: arms reduced to four pairs, connected by 
interbrachial webbing. 12, Vampyromorpha: large interbrachial 
membrane; ink sac lost; chromatophores lost; hectocotylus lost; two 
arms reduced to filaments. 13, Octopoda: sacciform body; shell vestigial. 

(Adapted from Ax, 2000; Berthold, T, and Engeser, T. 1987. Phylogenetic 
analysis and systematization of the Cephalopoda (Mollusca). Verb naturwiss. Vet: 
Hamburg (NF) 29:187-220; Voss, G. L. 1977. Classification of Recent 
Cephalopods. In Nixon, M., and Messenger, J. B. (Eds): The Biology of 
Cephalopods. Symposia of the Zoological Society of London, No. 38. Academic 
Press, London, pp. 75—579; and Hanlon R, and Messenger, J. B. 1996. 

Cephalopod Behaviour. Cambridge University Press, New York. 232 pp.) 
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PHYLOGENY OF CEPHALOPODA 
Gastropoda and Cephalopoda are sister taxa (Fig. 12-125) 

whose common ancestor was probably benthic. The 

cephalopods have abandoned the bottom to exploit and radiate 

in open water pelagic habitats, although some have secondarily 

returned to the benthos. The earliest cephalopods were small 

molluscs less than 20 mm in length that appeared in the Upper 

Cambrian about 510 mya (million years ago) and from which 

arose the nautiloids, ammonoids, belemnoids, and coleoids. 

Invasion of the open-water habitat necessitated the extensive 

changes in locomotion, axis orientation, buoyancy, nutrition, 

sensory equipment, and nervous system that have been dis- 

cussed in this chapter (Fig. 12-88). 

Recent cephalopods consist exclusively of species in the 

sister taxa Nautiloidea and Coleoidea. The nautiloids have the 

apomorphies of two pairs of gills and nephridia, as opposed to 

the single pair of the common ancestor. The chambered 

external shell, multiple arms, radula, and pinhole-camera eye 

are plesiomorphies. In Coleoidea the shell is internal, the 

number of arms has been reduced to about 10, the arms have 

suckers, the camera eye has a lens, chromatophores and an 

ink sac are present, the funnel is a closed tube, a hectocotylus 

arm is present for spermatophore transfer, and auxiliary 

branchial hearts are present. Plesiomorphies include a single 

pair each of gills, atria, and nephridia. 

Coleoidea includes the sister taxa Decabrachia and 

Octopodiformes. In the Decabrachia, the fourth pair of arms 

is lengthened and specialized for prey capture. The arms are 

equipped with stalked, movable suckers with a horny rim. 

Their 10 arms are plesiomorphic. Octopodiformes is united by 

the loss or reduction of the second pair of arms, resulting in 

a total of only eight functional arms. The arms are intercon- 

nected by an interbrachial web. 

Octopodiformes consists of the sister taxa Vampyromorpha 

and Octopoda. Vampyromorpha retains the second pair of arms, 

albeit gready reduced, and the well-developed interbrachial 

web of the ancestor. The loss of the ink sac and the addition 

of chromatophores and the hectocotylus are autapomorphies. 

Octopoda share the transformation of the body from an elon- 
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gate cone to a globular sac. The shell is lost or vestigial, and the 

second pair of arms is absent. 

The phylogenetic relationships of the coleoid orders are not 

well understood. Octopods may have evolved from a teuthoid- 

like ancestor with the vampyromorphids diverging early from 

the octopod line. Sepiids may also have arisen from teuthoidlike 

ancestors and sepiolids and spirulids from a sepioidlike form. 

BIVALVIAC  

Bivalvia (Pelecypoda) includes such common molluscs as clams, 

oysters, mussels, scallops, and shipworms (Fig. 12-89, 12-107, 

12-115, 12-117). Bivalvia includes about 8000 described extant 

species, of which about 1300 live in fresh water and the remain- 

der are marine. Bivalves range in size from the tiny freshwater 

fingernail clams, some of which are less than 2 mm in length, to 

the giant clam Tridacna of the South Pacific, which attains 

a length of over a meter and may weigh almost 300 kg. The com- 

mon name for bivalve is “clam,” and any bivalve is correctly 

called a clam, even if it is a scallop or oyster. 

Bivalvia contains three major morphological groups, the 

protobranchs, larnellibranchs, and septibranchs, distinguished 

by differences in their gills (Fig. 12-93) and feeding modes. In 

the past these groups were considered to be subclasses, but in 

current classifications the larnellibranchs, which are the over- 

whelming majority of bivalves, do not receive formal taxo- 

nomic recognition. Conceptually, however, the three groupings 

continue to be useful as levels of organization, and we will 

make frequent reference to them in this context, using the 

anglicized, uncapitalized form of the name. Most bivalves are 

suspension-feeding larnellibranchs, but the deposit-feeding 

protobranchs are believed to be the most primitive existing 

bivalves. Septibranchs are specialized carnivores. 

Bivalves are highly derived molluscs adapted for exploita- 

tion of the infaunal benthic habitat, where they are relatively 

safe from predators. Unique among the molluscs, bivalves 

have lost the radula and almost all rely on the gills for food 

capture. Lateral flattening of foot and shell facilitates burrow- 

ing in soft sediments. Filter feeding permits feeding while 

buried in the sediment, and siphons permit access to fresh 

food- and oxygen-bearing water without leaving the sediment. 

Although modern bivalves have invaded other habitats, the 

original adaptations for burrowing in mud and sand have taken 

bivalves so far down the road of specialization that they have 

become largely chained to a sedentary existence. Within these 

constraints, bivalves have exploited and radiated extensively 

into several benthic habitats suitable for sedentary molluscs. 

Most occupy the ancestral infaunal habitat in soft sediments. 

Many, however, are adapted for epibenthic life and live on the 

surface. Others are adapted for exploitation of infaunal habitats 

accessed by boring into hard substrata such as calcareous rock, 

shells, clay, peat, or wood. Some are commensal with other 

invertebrates, such as polychaetes, echinoderms, or crustaceans. 

A few are parasites and some can swim. 

FORM 
The bilaterally symmetrical bivalve body is highly modified 

from that of the ancestral mollusc and is strongly com- 

pressed laterally (Fig. 12-90). The head is vestigial in these 

relatively immobile animals and the sensory equipment is 



368 Chapter 12 Molluscap 

Stomach Nephrostome 

Esophagus 

Digestive ceca 

Mouth 

Labial palp 

Anterior adductor 

Crystalline style sac 

Intestine 

B 

Anterior aorta 
Ventricle 

Left atrium 
Posterior aorta 

Nephridium 

Rectum 
Posterior adductor muscle 

Anus 

Exhalant siphon 

Inhalant siphon 

Descending lamella 

pQo{ 'Ascending lamella 

Gonad 

FIGURE 12-89 Anatomy of 
Mercenaria mercenaria. A, Interior 
of the left side with the left valve and 
left mantle skirt removed. B, Partial 
dissection, showing some of the 
internal organs. 

located elsewhere, chiefly on the mantle margins. The large 

mantle encloses a pair of lateral mantle cavities, each of 

which contains a gill. The gills are usually very large, and in 

most species are responsible for filter-feeding in addition to 

gas exchange. The unique two-part shell is hinged dorsally 

and encloses the body. The visceral mass is dorsal under the 

hinge and a bladelike foot, usually adapted for digging, is at- 

tached to its ventral border. 

MANTLE 
The mantle covers the visceral mass dorsally, but its most 

conspicuous feature is the pair of enormous lateral lobes the 
mantle skirts (Fig. 12-90). These evaginations, or folds, of the 

dorsal body wall extend laterally and ventrally to the ventral 

midline, where they may touch, and sometimes fuse together 

The skirts enclose the body and a capacious water space! 
which is, of course, the mantle cavity. The lateral mantle cavity 

in the bivalves is the most spacious of the molluscs. The skirts 

are attached to the body dorsally but anteriorly, posteriorly 

and ventrally they are unattached and terminate in an edg-e 

the mantle margin. ° ’ 

The mantle margin is divided into three longitudinal ridges, 

or folds, separated by two grooves (Fig. 12-91). The three folds 

have important but different functions. The inner fold is mus- 

cular and contains the pallial (mantle) muscles. These muscles 

originate in the mantle and insert on the inner surface of the 

shell. Most of them insert along a curved pallia! line that 

extends fiom anterior to posterior parallel to the margin of the 

shell (Fig. 12-92B). The middle fold is sensory and may bear 

photo-, mechano-, or chemoreceptors (Fig. 12-115A). The 

outer fold, in conjunction with the entire outer mantle epithe- 

lium, secretes the shell. Posteriorly the two mande skirts form a 

pair of siphons that channel water into and out of the mantle 

cavity (Fig. 12-89). 

SHELL 
A typical bivalve shell consists of two similar (equivalve), more 

or *ess oval> usually convex, calcareous valves that articulate 
with each other (Fig. 12-92B) along a dorsal hinge. An equi- 

valve shell is bilaterally symmetrical, as is the soft anatomy, and 

the plane of symmetry passes through the hinge and between 

the right and left valves. Some derived bivalves — oysters for 
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FIGURE 12-90 Cross section of a generalized lamellibranch bivalve. 

example—have inequivalve shells, in which the right and left 

valves are dissimilar. The two valves are joined dorsally by 

a two-part, proteinaceous hinge ligament derived from the 

periostracum (Fig. 12-92). The flexible hinge ligament unites 

the two valves along the dorsal midline and is part of the shell 

consisting of the periostracum alone, without the rigid 

ostracum and hypostracum. 

Two transverse adductor muscles, one anterior and one pos- 

terior, extend from valve to valve (Fig. 12-89A, 12-92A). The 

hinge ligaments and adductor muscles antagonize each other 

and work together to open (abduct) and close (adduct) the 

valves. There are no abductor muscles, however, and the liga- 

ment is responsible for opening the valves. Bivalve evolution has 

produced a predator-resistant alternative to an abductor muscle. 

The ligament is composed of inner and outer masses of the 

elastic protein conchiolin, one on either side of the fulcrum of 

the hinge where the calcareous valves touch each other (Fig. 

12-92A). The outer ligament (tensilium) is readily visible outside 

the shell, but the inner is hidden. The inner ligament (resilium) 

may be housed in a cup- or spoon-shaped depression in the 

hinge known as the chondrophore. When the valves are open, 

the ligaments are relaxed and under neither tension nor com- 

pression. When the adductor muscles contract, however, the 

outer ligament is stretched and under tension, whereas the 

inner ligament is compressed. Both ligaments are deformed, but 

they are elastic and, if given the opportunity, will return to their 

original resting shape. Their elasticity allows them to store some 

of the energy of the muscle contraction. When the adductor 

muscles relax, the ligaments are free to return to their original 

shapes, the outer ligament by contracting and the inner liga- 

ment by expanding. Both responses abduct the valves and, 

equally important, re-extend the adductor muscles so they are 

ready to contract again when needed. 

In most bivalves the anterior and posterior adductor 

muscles are similar and about the same size. This is the 

isomyarian (iso = same, myo = muscle) condition. Sometimes, 

however, the anterior adductor is reduced, as in marine 

mussels and pen clams, and is much smaller than the posterior 

adductor. This is the anisomyarian condition. In other bivalves, 

such as scallops, the anterior adductor is completely lost and 

only the posterior adductor, which is very large, is present. This 

is the monomyarian condition. The posterior adductor muscle, 

by the way, is the edible part of the scallop. 

The attachment positions of the muscles are visible on empty 

valves as muscle scars (Fig. 12-92B). The valves also bear the scars 

of other muscles, such as the pedal retractor and pallial muscles. 

Adductor muscles must be capable of two quite different 

actions. On one hand, they must be capable of rapidly 

FIGURE 12-91 Diagrammatic transverse section of the edge of a bivalve valve and mantle margin. (Redrawn 

and modified after several authors, including Wilbur K. IT., and Saleuddin, A. S. M. 1983. Shell formation. In Saleuddin, 

A. S. M., Wilbur, K. H. (Eds): The Mollusca. Vol. 4. Pt. I. Physiology. Academic Press, New York. pp. 235-287; and 

Kennedy, W. J., et al., 1969. Environmental and biological controls on bivalve shell minerology. Biol. Rev. 44:499-530.) 
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FIGURE 12-92 Bivalve shell. A, Transverse section showing antagonistic functions of hinge ligaments and 
adductor muscles. When the valves are closed by the adductor muscles, the outer hinge ligament is stretched and 
the inner ligament is compressed. B, Inner surface of the left valve of the marine clam Mercenaria. 

contracting to close the valves when threatened or to expel 

pseudofeces. They must also be capable of maintaining the 
sustained contractions required to prevent desiccation when 

the tide is out or to foil a persistent predator. To accomplish 

these tasks, bivalve adductor muscles are composed of two 

fiber types. Quick muscles are cross-striated fibers capable of 

rapid contractions, but they fatigue quickly and cannot 

remain contracted. Catch muscles, on the other hand, are 

smooth fibers that respond slowly but are capable of remain- 
ing contracted for extended periods. These may be segregated 

in separate parts of the muscle (Fig. 12-115B) or they may be 
mixed together throughout the muscle. 

The adductors typically are large, powerful muscles capable 

of contracting with great force. Were they not prevented from 

doing so, the force would cause the valves to shear anteriorly 

and posteriorly past each other. Such slippage is prevented 

by complementary teeth and sockets on the valves that inter- 

digitate. Hinge teeth, such as the cardinals and laterals, are 

associated with the hinge, whereas marginal teeth occur along 
the entire periphery of the valves (Fig. 12-92B). In primitive 

bivalves the hinge teeth are taxodont, meaning numerous and 

similar, but in derived taxa the number is reduced and the 

teeth are specialized (heterodont). Heterodont teeth are 

usually divided into cardinal and lateral teeth. Cardinal teeth 

typically are tooth-shaped projections near the center of the 

hinge (Fig. 12-92B). Lateral teeth are anterior or posterior to 

the cardinal teeth and usually are longitudinal ridges that may 

not resemble teeth. 

Beside the hinge, each valve bears a dorsal protuberance 

called the umbo (beak), which rises above the hinge. The 

umbo is the oldest part of the shell, and each valve grows 

outward in concentric rings from the umbo. 

Bivalve shells exhibit great variety in size, shape, surface 

sculpturing, and color. When the addition of new shell 

material occurs equally around the umbo, the result is a valve 

that is symmetrical around a vertical (dorsoventral) axis 

through the umbo. Such a valve is said to be equilateral 
(Fig. 12-109A). If the growth rate differs around the periphery 

of the valve, then it is inequilateral and the anterior end is not 

a mirror image of the posterior (Fig. 12-108A). 

As in gastropods, surface sculpturing may contribute to 

traction, piotection, or shell strength. The familiar ribbing, or 

corrugations, of cockle and some scallop shells, for example, 

increases the shell strength (Fig. 12-115A). 
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Shell Structure 
A typical bivalve shell includes a minimum of three layers, one 

organic and two calcareous. The outermost layer is the 

proteinaceous periostracum, consisting of quinone-tanned 

proteins generally known as conchiolin. The periostracum 

may be very thick, as in many large, freshwater clams, or very 

thin, as in the edible marine quahog, Mercenaria mercenaria. 

The periostracum probably plays a role in the secretion of the 

outer calcareous layer of the shell. It protects the underlying 

calcium carbonate from dissolution in acidic and soft water 

(low Ca2+) and may also facilitate formation of a tight seal 

when the valves are adducted. 

Under the periostracum are two to four layers of crystalline 

calcium carbonate. Two basic layers are always present, but there 

may be others. In these layers calcium carbonate is deposited in 

crystals. Crystals may be formed in a variety of shapes, including 

prisms, granules, tablets, lenses, or more complex fonns. The 

basic crystal units are always deposited within an organic frame- 

work, which together with the periostracum may account for 

12% to 72% of the dry weight of the shell. Although shell 

strucRire is not uniform throughout Bivalvia, it is constant and 

characteristic within different subtaxa. The calcareous layers 

may be entirely aragonite in primitive bivalves or a mixture of 

aragonite and calcite in derived taxa. Calcite has the advantage 

of being less soluble than aragonite. 

Of the two calcareous layers, the outermost is the ostracum 

(prismatic layer) composed of calcium carbonate crystals in 

a prismatic structure in which the crystals are deposited in 

columnar prisms perpendicular to the mantle epithelium 

(Fig. 12-91). The crystals are secreted by columnar cells of the 

outside surface of the outer mantle fold distal to the pallial line. 

The inner crystalline layer is the hypostracum (lamellar 

layer), secreted by cuboidal cells covering the outer surface of 

the mantle skirt, proximal to the pallial line (Fig. 12-91). The 

crystals are deposited in sheets (lamellae) parallel to the 

mantle epithelium. 

In many bivalves (pteriomorphs and paleoheterodonts) the 

hypostracum is composed of layers of thick tabular crystals and is 

said to be nacreous. Nacre (NAKE-ur), or mother-of-pearl, is the 

smooth, pearly, lustrous inner lining of many shells. A nacreous 

hypostracum is composed of aragonite, and the crystal units are 

flat tablets arranged in parallel sheets. A nonnacreous hypo- 

stracum composed of calcite crystals is characteristic of the 

higher bivalves (heterodonts). Nacre is found in the monopla- 

cophorans, gastropods, cephalopods, and bivalves. 

Shell Secretion 
Molluscan shell secretion is best understood in bivalves, where 

it has been most carefully studied. In all molluscs the mantle 

epithelium is responsible for the secretion of all shell layers. 

The inner surface of the outer fold (of the mantle margin) 

secretes the periostracum. The secretory cells responsible for 

this are deep in the periostracal groove (Fig. 12-91), between 

the outer and middle folds. The protein is secreted in soluble 

plastic form that is then sclerotized (hardened) and darkened 

by quinone tanning, a process in which fibrous proteins are 

cross-linked to form a strong, dark, insoluble layer. 

The outer surface of the outer fold secretes the ostracum. 

The entire outer mantle epithelium, proximal to the pallial 

line, secretes the hypostracum. There is a fluid-filled extrapal- 

lial space between the mantle epithelium and periostracum. 

Calcium salts and the proteinaceous matrix are first secreted 

into this compartment and from there are deposited in the 

shell. The periostracum seals the extrapallial space and 

isolates it from the surrounding environment. 

PEARLS 

Despite the muscular and periostracal attachment of the 

mantle to the shell, occasionally some foreign object, such as 

a sand grain or a parasite, enters the extrapallial space. The 

object becomes a nucleus around which concentric layers of 

nacreous shell are deposited, resulting in the formation of 

a pearl. If the object moves frequently during secretion, the 

pearl may be spherical or ovoid. More commonly, however, 

the developing pearl adheres to or becomes completely 

embedded in the shell. 

Pearls can be produced by most shell-bearing molluscs, but 

only those with a nacreous hypostracum produce pearls of 

commercial value. The finest natural pearls are produced by 

the pearl oysters Pinctada margaritifera and P. mertensi, which 

inhabit the tropical and subtropical Pacific. 

There are two methods, seed and bead, of producing 

cultured pearls. Some cultured pearls are initiated with a 

microscopic “seed” ground from the shell of a freshwater 

(unionid) mussel and placed into the extrapallial space of 

a pearl oyster. The oyster coats the seed with a layer of nacre 

to produce a year-old seed pearl, which is then transplanted 

into another oyster. A pearl of marketable size is obtained 

three years after transplantation. 

Bead pearls are produced more quickly by starting with 

a spherical shell bead, also cut from the shell of a freshwater 

mussel. These beads are much larger than the seeds used in 

seed pearls. They are, in fact, only slightly smaller than the 

finished pearl. The bead is enclosed in a wrapping of mantle 

tissue and transplanted into the mantle or soft tissue (often 

the gonad) of another pearl oyster. A nacreous veneer 

approximately 1 mm thick is then laid down around the bead. 

About 12 species of native North American freshwater 

mussels, occurring from Wisconsin to Alabama, supply about 

95% of the demand for bead stock from the bead pearl 

industry. In 1994, 2700 tons of native mussels were harvested 

for this purpose in Tennessee alone. Recently, new techniques 

have been developed for culturing high-quality pearls in 

freshwater mussels, but unfortunately, the new methods 

continue to rely on beads cut from other freshwater mussels. 

The extremely diverse native mussel fauna of the southeastern 

United States is threatened by a number of human activities, 

including harvesting, siltation, impoundments, pollution, and 

introduction of exotics. 

FOOT 
In the evolution of bivalves from the ancestral conchiferan, the 

broad, flat, creeping foot became laterally compressed, blade- 

like, and directed anteriorly as an adaptation for burrowing in 

soft sediments (Fig. 12-89, 12-90). It is muscular and contains 

the large pedal sinus of the hemocoel. A combination of blood 

pressure and the action of pedal retractor muscles effect foot 
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movement, which will be described in detail later in connec- 
tion with burrowing. These latter muscles, which are homolo- 

gous to the pedal retractors of other molluscs, form the lateral 

sides of the foot and extend to the opposite valve, where they 

are usually attached to the shell at scars near those of the 

adductor muscles (Fig. 12-92B, 12-112A). Other specializations 

of the bivalve shell, mande, and foot will be described later in 

connection with different adaptive groups. 

GILLS AND THE EVOLUTION 
OF BIVALVE FEEDING 
Most modern bivalves are suspension feeders that use the gills 

to filter particulate organic matter, usually phytoplankton, 

from the water. The ancestral bivalves, however, were probably 

selective deposit feeders that used the gills only for gas 

exchange. Bivalve evolution is essentially the story of the evo- 

lution of filtering gills from the purely respiratory gills of the 

ancestral bivalve. 

As in other microphagous molluscs, utilization of fine 

particulate food requires ciliary sorting fields that separate 

organic food particles from indigestible mineral particles. In 

the bivalves, these fields are both internal, in the stomach, and 

external, on the gills and labial palps. The internal fields are 

inherited with little modification from the ancestral mollusc, 

but the adaption and modification of external ciliary fields is 

an important aspect of the evolution of bivalve feeding. 

Protobranchs 
1 he ancestral bivalve was a protobranch similar to living pro- 

tobranchs in the taxa Nucula, Nuculana, Yoldia, Malletia, and 

Solemya. It probably lived partially buried in soft sediments. It 

had a single pair of posterolateral bipectinate gills, from which 

the name (protobranch = first gills) is derived (Fig. 12-93A, 

12-94A.). The sole of the protobranch foot is divided into right 

and left halves and is often fringed with papillae. From this 

ancestor evolved the lamellibranch (meaning “sheet gill”) 

bivalves, with large, flat, filter-feeding gills and an undivided 

foot lacking papillae. 

Most living protobranchs, and presumably the ancestral 

ones as well, are selective deposit feeders, which many zoolo- 

gists believe was the feeding mode of the ancestral bivalves. 

The ciliated papillae of the foot, perhaps in conjunction with 

long, ciliated tentacles, were used to locate food particles in 

the sediment and transfer them to the mouth. The radula had 

no role to play in this process and was lost. The gills were 

small and used solely for respiration. The major respiratory 

current probably entered the mantle cavity anteriorly, passed 

across the gills, and exited posteriorly (Fig. 12-94A), similar to 

the pathway in monoplacophorans, polyplacophorans, and 

the generalized mollusc. Minor water flows could enter 

anywhere around the periphery of the valves. In its life 

orientation this ancestor probably laid on its side, only 

partially buried in the sediment. 

Protobranch gills are located in the posterior mantle cavity 

and are small in comparison with those of lamellibranchs. They 

are similar to those of the stem mollusc and primitive living 

molluscs such as chitons in being bipectinate with a central axis, 

from which arise two rows of flat filaments (Fig. 12-94B). The 

apposing surfaces of adjacent filaments bear lateral cilia and 

the margins have frontal and abfrontal cilia (Fig. 12-ID). The 

lateral cilia create the respiratory current through the gills 

whereas the frontal and abfrontal cilia remove unwanted 

particles that accumulate on the gill surface. 

In the ancestral molluscs, the mouth rested against the 

hard bottom over which the animal crawled and a radula was 

used to scrape particles from it. When bivalves abandoned this 

ancestral habitat and became adapted for burrowing in soft 

sand or mud, the mouth was elevated above the substratum. 

This occuired as the body became laterally compressed and 

the height of the dorsoventral axis increased. Modern 

protobranchs maintain feeding contact with the substratum 
with a pair of elongate palpal tentacles (proboscides) at the 

posterior end of the mantle cavity (Fig. 12-94A). Each tentacle 

is associated with a large, bilobed labial palp, located laterally, 

one on each side of the mouth and extending anteriorly to 

the mouth. The labial palp is a large sheet of ciliated tissue 

folded on itself like a menu or greeting card. When in its 

normal position, the “menu” is closed, so its two lobes face 

each other. The palp shown in Figure 12-94D, however, is 

open to reveal the details of its inner surface. The apposing 

surfaces of the two lobes are covered with ciliated ridges and 

grooves that sort mineral and organic particles, discarding the 

thr 9radrf bivaive moiiuscs emphasizi"9 
C. Septibranch. ^ °W$ Sh°W d,rectlon of water flow- A. Protobranch. B. Lamellibranch. 
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FIGURE 12-94 Feeding in protobranchs. A, Lateral view of Nucula with right valve and mantle removed. 

Anterior is to the right. B, Transverse section of the gill of Nucula, showing lateral filaments and central axis. 

C, The protobranch Yoldia limatula deposit-feeding within a chamber excavated below the surface. The palpal 

tentacles are visible in the chamber. Unlike Nucula, Yoldia has siphons that reach to the surface. This species 

may also extend its palpal tentacles to the surface and feed on particles it finds there. Df One labial palp and its 

palpal tentacle from Nuculana minuta. Apposing lobes of the palp have been pulled apart to reveal the ciliated 

sorting field. Arrows indicate the direction of ciliary currents. (A and B, After Yonge, C. M. 1939. Theprotobranchiate 

Mollusca, afunctional interpretation of their structure and evolution. Phil. Trans. Roy. Soc. London B 230:79-147; 

C, From Bender, K., and Davis, W. R. 1984 The effect of feeding by Yoldia limatula on biolurbation. Ophelia 23(1):91-100; 

D, After Atkins.) 
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former and sending the latter to the mouth. The particles are 

gathered by the palpal tentacles and transferred to the palpal 

sorting field by cilia. 

During feeding, the tentacles are extended into the bottom 

sediments. Particles, both mineral and organic, adhere to the 

mucus-covered surface of the tentacle and are transported by 
cilia from the posterior end of the palp (Fig. 12-94D) to the 

sorting field, where cilia located on the ridges, in the grooves, 

and on the slopes between the ridges and grooves sort incom- 

ing particles, more or less on the basis of size (Fig. 12-95). 

Ridge cilia generate a current perpendicular to the long axis 

of the ridges (across the ridges) and thus toward the mouth 

(Fig. 12-94D). Groove cilia generate a current parallel to the 

long axis of the groove and thus toward the periphery of the 

palp. Slope cilia beat downslope to move particles of the 

proper sizes into the grooves. Coarser particles cannot fit into 

the grooves and remain on the ridges, where they tend to be 

moved by ridge cilia toward the mouth. Fine particles small 

enough to be swept by slope cilia into the grooves are moved 

to the palp margins by the groove cilia. The sorting is by no 

means perfect and many mineral particles are sent to the 

mouth. 

Cilia along the free margins of the palps beat posteriorly 

and form rejection tracts (Fig. 12-94D). Small particles, mostly 

mineral, from the grooves move to the rejection tracts and are 

transported, entangled in mucus, posteriorly to the tips of the 

palps. The clumps of mucus and mineral particles fall off the 

palps into the mantle cavity. This waste, known as pseudofeces 

because of its resemblance to egested material from the anus, 

is periodically ejected from the mantle cavity by forceful 

adduction of the valves. Note, however, that it has never been 

ingested and is not truly feces. 

The distance between ridges can be adjusted by expanding 
or contracting the palps. Changing the distance between 

adjacent ridges changes the size criteria for acceptance and 

rejection. If the ridges are closer together, smaller particles 

Small Large particle 

, th
U^ 1f'9^ Dla9rammatic cross section of the ciliary sorting fiel< of the labial palps. In this model, large organic particles (food) cannot 

fit into the grooves and are moved by ridge cilia to the mouth Small 
mineral particles (nonfood) slip into the grooves and will be discarded. 

are accepted, whereas if the ridges are moved farther apart, 

larger particles will be rejected. 

In other sorting fields, such as those of the gills, the criteria 

for acceptance and rejection may differ from those of the 

palps. For example, coarse material could be rejected and fine 

material accepted. A mixture of coarse sand particles, interme- 

diate food particles, and fine clay particles, for example might 

be sorted into coarse (sand) particles for rejection by one 

sorting field, with fine (food and clay) particles being sent for 

further sorting by a second field. Using the opposite criteria, 

the second field would accept coarse particles (food) and 

reject fine (clay). 

Lamellibranchs 

EVOLUTION OF LAMELLIBRANCH GILLS 

Selective deposit feeders, such as the protobranchs, and 

suspension feeders, such as the lamellibranchs, are both 

microphages specializing in tiny food particles. Much of the 

particle-handling equipment of the protobranchs could be 

adapted to process particles collected by suspension feeding. 

The early protobranchs were ideally suited morphologically 

and behaviorally to developing a suspension-feeding mecha- 

nism utilizing their gills. As gill-breathing, infaunal deposit 

reeders, they already had a foot capable of burrowing into soft 

sediments and a mechanism for creating a flow of water 

through the mantle cavity and across the gill. Furthermore, 

they had a gill that, although used exclusively for gas 

exchange, was constructed in such a way that it inadvertently 

tiapped pai tides too large to pass between the filaments on its 

upsti earn (frontal) surface. What’s more, there existed a cil- 

iary mechanism for moving these particles off the frontal face 

of the gill. There was even a sorting device, the labial palps, 

capable of separating food particles from mineral particles 

and sending the food to the mouth and the waste elsewhere. 

With all this equipment already in place, it was probably 

inevitable that some ancient protobranch would begin to take 

advantage of the organic particles unintentionally collected by 

its gills. Gradually some protobranchs came to rely more on 

suspension feeding and less on deposit feeding until eventu- 
ally the lamellibranch bivalves, with their large, efficient, 

filter-feeding gills, evolved. The simple protobranch gill was 

modified to improve its efficiency as a filter while retaining its 

original function in gas exchange. When the lamellibranchs 

abandoned deposit feeding in favor of suspension feeding 
they also abandoned the palpal tentacles, but they retained 

the labial palps and continued to use their sorting fields. They 

also developed sorting fields on the gills themselves. 

What might not have been so predictable was the great 

success this innovation would enjoy. The new feeding mecha- 

nism allowed the lamellibranchs to burrow into soft sediments, 

where they were relatively safe from predators, while exploiting 

the lich supply of phytoplankton and oxygen in the water 

above the sediments. Natural selection favored the lamelli- 

bi anchs and they underwent an extensive adaptive radiation to 

exploit most of the possibilities of the infaunal biotope as well 

as subsequent expansion into many epifaunal benthic habitats 
suited for sedentary molluscs. Lamellibranchs now dominate 

the bivalve fauna, and most them are suspension feeders. 
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GILL MORPHOLOGY 

The protobranch gill is not large enough to collect sufficient 

food to support the animal by suspension feeding alone. In 

the first modification of the gill, its surface area was increased 

so it could filter more water and trap more food particles. The 

gill surface area was enlarged in two ways. An enormous num- 

ber of additional filaments were added to lengthen the gill so 

that it eventually extended over most of the length of the 

mantle cavity (Fig. 12-89A). Oysters, for example, have over 

8000 filaments per gill. In addition, the filaments themselves 

were lengthened (Fig. 12-93B, 12-96) to provide even more 

surface area. The space between the visceral mass and the 

mantle skirt could not accommodate the longer filaments and 

they had to be folded to fit. » 

In the ancestral molluscan gill filament, the function of 

which is solely for gas exchange, the important surface is the 

lateral surface, the one that bears the lateral cilia. The lateral 

surfaces face the interfilamentary spaces between the filaments 

and are the major sites of gas exchange (Fig. 12-96B). In the 

filter-feeding lamellibranch gill, on the other hand, the impor- 

tant surface is the frontal surface with the frontal cilia, for it is 

here that food particles are trapped. Accordingly, a third modi- 

fication contributing to the evolution of the lamellibranch gills 

was the reduction in the lateral surface and enhancement of 

the frontal surface. The filaments became slender and filamen- 

tous (Fig. 12-96C,D), unlike the flat lamellar filaments of the 

protobranchs. The lateral surface is reduced but, because the 

gill is now so much larger, there is still ample area for a gas- 

exchange space for the still-important lateral cilia. The com- 

bined frontal surfaces of the filaments form large sheets known 

as lamellae (hence the name lamellibranch), through which 

water passes. The filaments, which in protobranchs alternate 

along the central axis, became opposite (Fig. 12-96D). 

The resulting lamellibranch gills are complex, and special- 

ized terminology has developed to facilitate discussion of 

them. The gill filaments are attached, as in the ancestor, to the 

central axis, which is itself attached to the mantle in the angle 

between the visceral mass and the mantle skirt (Fig. 12-96D). 
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FIGURE 12-96 Evolution of lamellibranch gills. A, Primitive protobranch gill (position relative to the 

foot/visceral mass and mantle indicated in cross section). B, Development of the ventral food grooves in 

a hypothetical intermediate condition. C, Folding of filaments at the food groove to produce the lamellibranch 

condition. D, Tissue connections that provide support for the folded lamellibranch filaments. In C and D, 

the distance between the descending and ascending limbs is exaggerated for clarity. 
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Each filament is folded into a V and, since the gills are bipecti- 

nate, there are two Vs, one medial and one lateral to the 

central axis. Together the Vs form a W (Fig. 12-96C,D). Each 

filament drops ventrally from the central axis and then climbs 

dorsally. The part directed downward is the descending limb, 

whereas the upward part is the ascending limb (Fig. 12-96D, 

12-90). Each filament has one of each. Both descending limbs 

are attached to the central axis. The ascending limbs extend 

to either the mantle skirt (lateral filaments) or the visceral 

mass (medial filaments). There they may attach by ciliary or 

tissue junctions or they may be unattached. 

So far we have considered the filaments separately, but they 

cannot function as filters individually. Each filament is closely 

associated with the adjacent filaments of its limb, and these 

filaments together form the lamella that is the filtering device 

(Fig 12-89A). Adjacent filaments are held close together by 

junctions, which may be either ciliary or tissue. Water flows 

through the lamellae by passing between the filaments, which 

filter it. Each gill has four of these lamellae, each formed 

of joined filaments. The combined descending limbs of all 

the lateral filaments together form a descending lamella (Fig. 

12-90) and the ascending filaments form an ascending 

lamella. Similarly, the medial filaments also form ascending 

and descending lamellae. Thus there are two ascending and 

two descending lamellae for each gill. 

Remember that there are two gills, one on the left and one 
on the right, in the mantle cavity. Each gill is a holobranch, or 

whole gill, composed of two half gills, or demibranchs. 

A demibranch is composed of two lamellae, one ascending 

and one descending (Fig. 12-90). Each demibranch gives the 

impression of being a complete gill but is not, for each is 

formed of either all the lateral filaments or all the medial 

filaments, but not both. A holobranch consists of two demi- 

branchs (lateral and medial) and a total of four lamellae (two 

ascending and two descending). Since there are two gills, one 

right and one left, a typical clam has two holobranchs, four 

demibranchs, and eight lamellae. 
As in othei molluscs, lamellibranch gills divide the mantle 

cavity into a ventral inhalant chamber (infrabranchial cham- 

bei) and a dorsal exhalant chamber (suprabranchial chamber; 

Fig. 12-90). In the lamellibranchs, however, the separation is so 

effective that water cannot pass from the inhalant side to the 

exhalant side without passing through the lamellae. The 

lamellae, being composed of side-by-side filaments, are porous, 

and water can flow through them. Particles, however, may be 

too large to make this passage and are retained on the inhalant 

side of the lamella (the frontal side) and are thus filtered out of 

the water current and entangled in mucus. An important part 

of gill evolution is an increase in the ability of adjacent 

filaments to function as a filter. This included mechanisms to 

ensure the proper spacing between filaments. 

CILIA 

In the lamellibranch gill, the frontal and lateral cilia function 

largely as they do in the protobranchs and ancestral molluscs 

and are located in similar positions on the filaments (Fig. 

12-96B). The lateral cilia, located on the lateral surfaces of the 

filaments, create the respiratory and feeding current. This 

current enters the inhalant chamber and passes between the 

filaments to the exhalant chamber. The frontal cilia, located on 

the frontal surface of the filament, transport particles dorsally or 

ventrally over the surface of the lamellae to longitudinal, ciliated 

food grooves. Abfrontal cilia usually are not present. 

A new set of cilia, the laterofrontal cilia, has been added to 

the ciliary complement of lamellibranch gills. These are large 

cilia fused together to form laterofrontal cirri located at the 

edges of the filaments, between the frontal and lateral cilia 

(Fig. 12-97A,B). Each cirrus is a bundle of adhering cilia, as 

can be clearly seen in Figure 12-97A. The laterofrontal cirri 

extend partly across the gap between filaments and overlap 

each other. Opposing cirri form a fine mesh that filters parti- 

cles from the water entering the gill. Very small particles that 

otherwise would pass through the interfilamentary gaps are 

intercepted by the cirri and shifted to the frontal cilia, which 

may transport them to a food groove and then to the labial 

palps and mouth. 

WATER FLOW 

During their evolution, the protobranchs shifted the flow of 

the respiratory current from a more or less anterior to poste- 

rior one-way flow (Fig. 12-94A) to a bidirectional flow in which 

water enters and exits posteriorly. This new pathway facilitated 

the exploitation of infaunal habitats by the lamellibranchs. In 

it, the anteriorly directed inhalant feeding and respiratory 

current enters the ventral part of the mantle cavity (inhalant 

chamber) at the posterior end of the animal, flows between 

the filaments into the dorsal exhalant chamber, and finally 

flows out posteriorly. 

In lamellibranchs the posterior margins of the right and 

left mantle skirts combine to form a pair of well-defined 

apeitures, the ventral inhalant and dorsal exhalant siphons, to 

channel water into and out of the two chambers of the mantle 

cavity (Fig. 12-89, 12-107, 12-108). The inhalant siphon conducts 

water into the inhalant chamber ventral to the gills, whereas 

the exhalant siphon expels water from the exhalant chamber. 

Siphons are absent in most protobranchs (Yoldia is an excep- 

tion), in which water enters the mantle cavity almost anywhere 

around its periphery. 

JUNCTIONS 

The longer and thinner lamellibranch gill filaments required 

additional structural support to maintain the appropriate spac- 

ing for filtering between filaments. Furthermore, the spacing 

between filaments had to remain constant to prevent the pas- 

sage of food particles. Several types of structural supports arose 

in response to these needs. Interlamellar junctions spanned 

the exhalant chambers to connect the two lamellae of each 

demibranch (Fig. 12-96D) and interfilamentar junctions con- 

nected adjacent filaments and maintained the proper mesh 

size of the filter. 

A third type of junction exists between the tips of the 

filaments (ascending lamellae) and the mantle or visceral 

mass. These junctions ensure that the gills form a complete 

baniei between the inhalant and exhalant chambers so that 

watei is forced to pass between the filaments. The character of 

these connections varies in different lamellibranch taxa and 

often defines the several types of lamellibranch gills. There 

may be no junction, ciliary junctions, or tissue junctions. 
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FIGURE 12-97 Gill cilia. A, Laterofrontal cirri of Venus casina. Each cirrus is composed of two rows of fused 

cilia on a single cell. The distal ends of the cilia are unfused. The two cilia rows are clearly evident at the base 

of each cirrus. B, Diagrammatic cross section through three gill filaments of Mytilus. The frontal cilia beat 
perpendicular to the plane of the page. The effective stroke of the laterofrontal cirri is to the left, and the 

effective stroke of the lateral cilia is to the right of the image. Arrows indicate the direction of the 
feeding/ventilating current produced by the lateral cilia. (B, From Silvester, N. R., and, Sleigh, M. A. 1984. 

Hydrodynamic aspects of particle capture by Mytilus./. Mar. Biol. Assoc. 64:859-879. Copyrighted and reprinted by 

permission of Cambridge University Press.) 

GRADES OF LAMELLIBRANCH GILLS 

The three grades in the evolution of lamellibranch gills differ in 

the structure and degree of development of the interhlamentar 

and interlamellar junctions. The most primitive lamellibranch 

gills are filibranch gills, in which the individual filaments remain 

more or less independent of each other. Adjacent filaments are 

held together not by permanent tissue connections, but by tufts 

of interlocking cilia (Fig. 12-98A,B). The opposite lamellae of a 

demibranch, however, are connected by tissue interlamellar 

junctions that hold the two limbs of the filaments permanently 

in a V shape. The tips of the filaments are either not connected 

or are only weakly connected with the mantle or visceral mass. 

Filibranch gills are found in pteriomorph bivalves such as arks 

(Area), scallops (Pecten), and mussels (Mytilus). 

Some other pteriomorph bivalves, such as the oysters 

(Crassostrea, Ostrea) and pen clams (Pinna), have pseudoiamelli- 

branch gills. In these, adjacent filaments are held together by 

combinations of both tissue and ciliary interhlamentar junc- 

tions. Ciliaryjunctions predominate, however. 

Most bivalves have eulamellibranch gills. These are the 

most specialized, and they exhibit several important advances 

over filibranch and pseudolamellibranch gills. Both interhla- 

mentar and interlamellar junctions are extensively developed 

permanent tissue connections (Fig. 12-98C,D). The inter- 

lamellar junctions are solid, vertical partitions of tissue that 

extend the entire length of the lamellae and divide the exha- 

lant chamber into vertical water tubes. Interlamellar junctions 

are not present on all hlaments, however, so each water tube 

spans several adjacent hlaments. 

The interhlamentar junctions are also permanent and 

more extensive. They form nearly solid sheets of tissue extend- 

ing between adjacent hlaments, but these are penetrated by 

occasional pores known as ostia (Fig. 12-98C,D). The cilia of 

the filament are not affected by this fusion, and lateral, lat- 

erofrontal, and frontal cilia are present. 

The inhalant side of an eulamellibranch gill lamella is 

distinctly ridged, with each filament forming a ridge and each 

interhlamentar junction a groove between adjacent ridges. 

The lateral cilia generate a water current that flows along 

a groove until it encounters an ostium, enters it, and passes 

into a water tube. Oxygenation of the blood takes place over 

the inhalant surface of the gill and in the water tubes. From 

the water tubes, water hows posteriorly through the exhalant 

chamber and out the exhalant siphon. 

The tips of the ascending limbs of the hlaments have 

become permanently fused with the upper surface of the 

mantle on the outside and the visceral mass on the inside, thus 

separating the inhalant chamber from the exhalant chamber. 

In order for water to move from the inhalant to the exhalant 

chamber, it must pass through the ostia. 
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FIGURE 12-98 Filibranch and eulamellibranch gills. A and Bf A filibranch gill. A, An oblique view of five 
adjacent filaments at the edge of a demibranch. B, Frontal section of a demibranch. C and D, A eulamellibranch 
gill. C An oblique view of five adjacent filaments at the edge of a demibranch. D, Frontal section of a 
demibranch. 

BLOOD VESSELS 

In piimitive molluscan gills, including those of proto- 

branchs, the efferent blood vessel lies in the axis of the 

filament beneath the afferent vessel (Fig. 12-96A). With the 

elongation and folding of the filament in eulamellibranch 
gills, the old efferent vessel was lost from the gill axis and has 

been replaced by a pair of vessels at the junctions of the tips 

of tlm ascending limbs of each filament with the body 

(Fig. 12-96C). This results in a one-way flow of blood through 

the filament. & 

FOOD GROOVES AND PREPALPAL SORTING 

Most lamellibranchs feed on fine plankton and suspended 

detritus. Food particles, in some cases as small as 1 pm, are 

removed from the water currents as they pass between filaments 

or enter the ostia. The particles are then moved onto the frontal 

cilia where they are entangled in mucus and moved up or down 
the filament to a longitudinal groove. At some stage in the 

evolution of lamellibranch gills, longitudinal ciliated food 
grooves (acceptance tracts) formed along the dorsal and ventral 

edges of the lamella (Fig. 12-99). A maximum of five such 

grooves, two ventral and three dorsal, can be associated with 

each holobranch. Cilia in these grooves transport food and 

mucus anteriorly to the labial palps or, in some instances, 

rejected particles may be transported anteriorly or posteriorly 

for ejection as pseudofeces. 

The piimitive lamellibranch has five longitudinal grooves 

for transporting particles (Fig. 12-99). Three of the grooves 

are located at the top of the gills between and outside the 

demibianchs. The other two are located ventrally, one along 
the ventral margin of each demibranch. 

The frontal cilia are arranged into separate tracts, one carry- 

ing particles upward and one downward. This system is capable 

of presorting food particles from mineral particles before the 

particles reach the labial palps, where additional sorting 

occurs. Such a two-way vertical tract system with five grooves is 

found in oysteis and scallops (Fig. 12-99C). Food particles are 

moved up into three food grooves that transport food anteri- 

orly to the labial palps and ultimately to the mouth. Other cilia 

move sediment particles down to two rejection tracts. 

From such a primitive condition, several variations evolved, 

a few of which are illustrated in Figure 12-99. In mussels and 

pen clams (Fig. 12-99A), food particles and sediment particles 

are transported both up and down (mostly down) by frontal 

cilia to any of five anteriorly directed food grooves. There is 

little or no sorting on the gills. In arcs and jingles, on the other 

hand (Fig. 12-99B), sorting occurs as tracts of frontal cilia trans- 

poi t food particles up to three anteriorly directed food grooves 
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FIGURE 12-99 Transverse sections of representative lamellibranch gills, showing the direction of the frontal 

cilia beat and the positions of longitudinally moving food tracts. A, Mytilidae and Pinnidae. B, Arcidae and 

Anomiidae. C, Ostreidae and Pectinidae. In B and C, broken arrows indicate the fine frontal cilia carrying food 

particles upward; solid arrows indicate the coarse frontal cilia carrying sediment particles ventrally. The inner 

demibranch is on the right in all cases. (Redrawn and modified from Atkins, D. 1937. On the ciliary mechanisms and 

interrelationships of lamellibranchs. II. Sorting devices on the gill. Quart. J. Microsc. Sci. 79:339-370.) 

while sediment particles move down to posteriorly directed 

rejection tracts. Sediment and mucus from the rejection tracts 

are ejected as pseudofeces. The dual-tract system and prepalpal 

sorting has disappeared in most advanced lamellibranchs. 

LABIAL PALPS 

The lamellibranch palpal lamellae supposedly have the same 

sorting and conveying function as in protobranchs (Fig. 

12-94D). In this model, particles are sorted by size and food 

particles are carried across the palpal surface on the crests of 

the ciliated ridges. Sediment particles, which are rejected, are 

carried to the edge of the lamellae in the grooves between 

ridges and fall, as pseudofeces, into the mantle cavity. Studies 

on the scallop Placopecten magellanicus and the oyster Cras- 

sostrea gigas, however, raise questions about various aspects of 

this classical account. The palps do not receive free particles 

from the gills, but rather a cord of particles bound in mucus 

that travels in the oral groove at the junction between the two 

palpal lamellae (Fig. 12-100). In the normal position, in which 

the two lamellae are appressed, there does not appear to be 

any particle selection by the crests of the ridges. 

PSEUDOFECES 

The gills and the labial palps produce pseudofeces, which 

consists primarily of sediment particles and mucus. This material 

is moved posteriorly by a ventral ciliary tract on the inner surface 

of the mantle skirt to a position near the inhalant siphon. 

Occasional rapid contractions of the adductor muscles compress 

FIGURE 12-100 Relationship of gills, labial palps, and mouth. Anterior view of the deep-sea scallop 

Placopecten magellanicus. The mouth is surrounded by bushy folds. The palps and gills are drawn as if they are 

in the plane with the mouth when in actuality they would extend posteriorly, into the plane of the page. The 

palps are shown with their lamellae open. Only the lateral demibranchs of the gills are included. (Redrawn and 

modified from BenningerP. G., Auffret, M., and Le Pennec, M. 1990. Peribuccal organs of Placopecten magellanicus and 

Chlamys varia: structure, ultrastructure and implications. Mar. Biol. 107:215 — 223.) 
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the mantle cavity and force a jet of water and pseudofeces out 

the inhalant siphon. Note that this is opposite the usual 

direction of flow in the inhalant siphon. 

FLOW RATE 

The animal can regulate the rate of water flow through the 

filtering system by changing the size of the inhalant aperture 

and expanding or contracting the gill. Adjustment of the size 

of the gill regulates the amount of water that can flow be- 

tween the filaments. The flow’s direction can be temporarily 

reversed or it can be stopped completely. 

Septibranchs 
The third grade of bivalves, after the protobranchs and 

lamellibranchs, is the septibranchs. This small group of small, 

derived carnivores, scavengers, or detritivores is closely related 

to the Anomalodesmata and presumably arose from a lamelli- 

branch-like ancestor. Most septibranchs are raptorial carni- 

vores that capture individual prey using suction generated by 

the mantle cavity. 

Septibranch gills have been highly modified to form a pair 
of perforated muscular septa, which separate the inhalant and 

exhalant chambers of the mantle cavity (Fig. 12-93C). The gill 

is greatly reduced and there is no surface area expansion for 

either gas exchange or filtering. Gas exchange occurs over the 

entire exposed mantle surface. The septate gills are used only 

to create suction used in feeding. 

Rapid contraction of the septal muscles closes the septal 

perforations and elevates the septum. This draws water 

through the enlarged inhalant siphon into the inhalant 

chamber. Any organic particle, be it a small crustacean, a bit 

of detiitus, or a small carcass, is likely to be caught in the 

suction and drawn into the chamber (Fig. 12-101). Prey items 

are grasped by a pair of muscular labial palps, transferred to 

the mouth, and ingested. During recovery, the septal muscles 

lelax, the peiforations open, and the septum returns slowly 

to its original position. The inhalant siphon of Poromya is 

large, hoodlike, and equipped with sensory tentacles for the 

Inhalant siphon 

FIGURE 12-101 The septibranch Poromya granulata capturing 

a crustacean (a cumacean) with its hoodlike inhalant siphon (Modified 

and redrawn from Morton, B. 1981. Prey capture in the carnivorous septibranch 

Poromya granulata. Sarsia 66:241-256.) 

detection of prey. The hood is rapidly clamped over the prey, 

which is then suqked into the mantle cavity. Another taxon, 

Cuspidaria, rapidly extends its inhalant siphon to capture 

prey, also by suction. 

NUTRITION 
The bivalve digestive system consists of a mouth, esophagus, 

stomach, intestine, rectum, and anus. The mouth is anterior 

on the visceral mass, between the labial palps. Branched 

digestive ceca extend into the hemocoel as diverticula of the 

stomach (Fig. 12-89B). The intestine typically makes several 

loops through the visceral mass before extending posteriorly 

through the pericardial cavity to the anus. The anus is poste- 

rior and empties into the exhalant chamber. 

Feeding Diversity 

PROTOBRANCHS 

With the exception of the septibranchs, bivalves are micro- 

phages that consume small organic particles collected either by 

deposit or suspension feeding. The ancestral protobranch gut, 

like that of monoplacophorans, polyplacophorans, and primitive 

gastropods, is equipped to process small particles. The stomach, 

lined by a chitinous cuticle, has a ciliary sorting field. There is an 

amorphous mucous protostyle in a large style sac. Digestion in 

most protobranchs is extracellular in the stomach, and absorp- 

tion occurs in the digestive ceca. 

SEPTIBRANCHS 

The stomach of the carnivorous septibranch is a simple, 

heavily muscled sac with a small sorting field and vestigial 

style. It is lined by an extensive chitinous cuticle, and the 

stomach functions as a gizzard for crushing the prey. Pro- 

teases from the digestive ceca initiate extracellular digestion 

in the stomach lumen. The products of this digestion are 

conveyed into the ducts of the digestive ceca, where 

digestion is completed intracellularly. 

LAMELLIBRANCHS 

As suspension feeders, lamellibranchs are also microphages, 

but they tend to utilize smaller food particles than do proto- 

branchs. The digestive system has undergone modification 

and the stomach is more complex than that of protobranchs. 

The lamellibranch stomach contains an enzymatic crystalline 

style, has numerous connections with the digestive ceca, and 

has a reduced chitinous shield. The intestinal groove extends 

out of the intestine into the stomach. Digestion is both 

extracellular and intracellular, with the former occurring in 
the stomach and the latter in the digestive ceca. There are 

three different types of lamellibranch stomach. The following 

description is a generalization. 

The mucous food string from the labial palps enters the 

mouth and is transported by cilia posteriorly through the 

esophagus to the stomach. The stomach is a bulbous pouch in 
the anterior dorsal visceral mass (Fig. I2-89B). The esophagus 

enters anteriorly and the intestine and style sac exit posteriorly. 

The left anterior stomach wall bears a small, chitinous gastric 

shield (Fig. 12-102). Several ducts exit the anterior stomach 
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Left Left 
gastric digestive 

FIGURE 12-102 Dorsal view of the interior of a generalized 
eulamellibranch stomach. (Redrawn and modifiedfromPurchon, R. D. 1977. 

The Biology of Mollusca. Second Edition. Pergamon Press, New York. 596pp.) 

and extend to the digestive ceca. These ducts arise from one to 

three short gastric ceca that evaginate from the stomach walls. 

There is one or more ciliary sorting held, consisting of the 

usual ciliated ridges and grooves, close to the entrances to 

the digestive ceca ducts. The sorting fields function like those 

of the labial palps and move large particles over the crests 

perpendicular to the long axis of the ridges. Small mineral 

particles in the grooves are moved parallel to the long axis and 

ultimately to rejection tracts. In general, the sorting fields of the 

stomach move mineral particles to rejection tracts leading to 

the intestine, but food particles tend to be resuspended in the 

fluid in the stomach. The process thus constandy removes 

mineral particles and increases the proportion of food particles 

in the stomach fluid. 

A large, ciliated intestinal groove extends from the stomach 

into the intestine (Fig. 12-102). The left side of the groove is 

bordered by a large ciliated ridge, the major typhlosole, which 

arches over the groove and partially isolates it from the 

stomach. Another ridge, the minor typhlosole, lies on the 

right side of the intestinal groove. The major typhlosole and 

intestinal groove arise in the left gastric cecum and extend 

across the anterior stomach into the right gastric cecum. They 

exit this cecum and extend into the intestine, accompanied by 

the minor typhlosole. The typhlosole and intestinal groove 

form the rejection tract that leads a continuous stream of 

mineral particles out of the stomach and into the intestine. 

A large style sac with a ciliated secretory epithelium extends 

posteriorly from the stomach. Its epithelium secretes the crys- 

talline style, which is probably homologous to the protostyle of 

the protobranchs. The style consists of a protein matrix onto 

which are secreted a variety of enzymes, including amylases, 

glycogenases, lipases, and cellulases. In some bivalves with cel- 

lulases, the style contains high population densities of spiro- 

chete bacteria, which perhaps are endosymbionts that provide 

cellulase. There are no proteases in the stomach (they would 

digest the proteinaceous enzymes of the style), and protein 

digestion is intracellular in the digestive ceca. The length of 

the style varies, but it is remarkably long in comparison with 

the size of the animal. A 12-cm Tagelus, for example, may have 

a 5-cm style and a 1-m Tridacna may have a 36-cm style. 

The style sac lies beside the intestine, and the lumina of the 

two may be continuous (Fig. 12-89B, 12-103A) or separate. 

The style sac cilia cause the style to rotate and rub against the 

gastric shield (Fig. 12-102). This abrades the tip of the style 

and releases digestive enzymes into the stomach lumen. New 

enzymes are added to the posterior end of the style by secre- 

tion from the style sac epithelium. Rotation of the style stirs 

the contents of the stomach, and the style probably functions 

as a windlass to pull the mucous food string through the 

esophagus into the stomach. Extracellular digestion of carbo- 

hydrates and lipids begins in the stomach. Most protein diges- 

tion occurs intracellularly within the digestive ceca. 

Acid released from the abrading style and from the diges- 

tive ceca reduces the pH of the stomach contents, and in this 

acidic environment the viscosity of the mucus is reduced. Food 

particles that were held by viscous mucus are released when the 

viscosity drops, and they move onto the sorting fields. 

As in all molluscs, the stomach is connected with the two 

digestive ceca by ducts. In the lamellibranchs, several primary 

ducts exit the gastric ceca to branch into secondary ducts 

that terminate in small blind pouches, or acini (Fig. 12-103B), in 

the digestive ceca. The acinar epithelium is responsible for 

secretion, absorption, pinocytosis, and intracellular digestion. 

The digestive ceca are composed of ducts and, chiefly, acini. 

Food particles are moved from the stomach lumen into the 

gastric ceca, then to the ducts, and then into the acini. 

Furthermore, waste particles exocytosed from acinar epithelial 

cells are returned to the stomach lumen and sent to the intes- 

tine to be incorporated into feces. The ducts are divided into 

two channels. The exhalant channel is lined by cilia, but the 

inhalant channel lacks them, although it bears a brush border of 

microvilli and is absorptive. All ciliary currents associated with 

the digestive ceca are exhalant—that is, they move wastes out of 

the ceca but do not move food in. These exhalant currents con- 

nect directly with the typhlosoles and intestinal groove and 

remove wastes from the digestive ceca. The constant outward 

flow of fluid driven by the exhalant cilia creates a negative pres- 

sure in the digestive ceca that sucks stomach fluid into the acini. 

Since the sorting process has enriched the stomach fluid with 

food particles and has selectively removed mineral particles, 

most of the particles entering the digestive ceca are organic and 

can be digested extracellularly or phagocytosed and digested 

intracellularly. Soluble organic molecules, produced by extracel- 

lular digestion in the stomach, are absorbed by acinar cells and 

stored or transferred to the blood. Cellular wastes are exocy- 

tosed and voided as described. 

In some intertidal bivalves, such as the American oyster, 

Crassostrea virginica, and the cockle Cardium edule, that feed 
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FIGURE 12 103 A, Cross section of the style sac and intestine of the freshwater clam Lampsilis anodontoides. 
B, Diagram of a section of digestive cecum, showing the absorption and intracellular digestion of material 
passed inward from the stomach (solid arrows) and the outward passage of waste (dashed arrows). (After 
Chuen, G. 1974. Feeding and digestion in the Bivalvia. Adv. Comp. Physiol. Biochem. 5:1-35.) 

only at high tide when they are covered with water, the 

digestive processes display a tidal rhythm. The crystalline style 
is dissolved at low tide when the animal is not feeding and is 

secreted anew when the tide returns. 

Studies on energy expenditure in Mytilus eclidis reveal that 
the cost of pumping water and transporting food by the gills is 

slight. At high food-intake levels, about half of the energy cost 
is in general body maintenance and the remainder is parti- 

tioned between the cost of digestion and absorption and 

growth. A significant fraction of ingested food may be 

expelled undigested, partly due to inefficient sorting. 

The primary responsibility of the intestine is feces forma- 

tion, although there are indications that some absorption 

may occur there. The intestine passes through the pericar- 

dial coelom and is completely surrounded by the ventricle 

(Fig. 12-89B, 12-90). It then passes dorsally over the pos- 

terior adductor muscle to terminate at the anus, which 

opens into the exhalant chamber at the base of the exhalant 

siphon. 

ADAPTIVE RADIATION OF 
LAMELLIBRANCHS 
1 lie evolution of filter feeding and the bidirectional flow of 
water through the mantle cavity freed lamellibranchs from 

t ieir dependence on deposited particles on or near the sedi- 

ment surface and made possible the colonization of many 

habitats that were not available to their protobranch ances- 

tors. The success of this adaptive radiation is reflected in the 

fact that of 8000 or so described species and 75 families of 

bivalves, almost all are lamellibranchs. The first lamellibranchs 

were adapted tor life in soft sediments, and most continue to 

exploit this ancestral habitat. The bivalves have undergone 

an extensive adaptive radiation, however, that has led them 

repeatedly into other aquatic habitats suitable for sedentary 

filter feeders. 

Lamellibranch diversity is best studied from the standpoint of 

ecological rather than taxonomic groups. The major ecological 

groups of lamellibranchs are soft-bottom infauna, borers in hard 

substrata, attached epifauna, unattached epifauna, symbiotic 

association with other metazoans, and fresh water. Colonization 

and adaptation to each type of habitat has been achieved inde- 

pendently by multiple families or superfamilies. Occupation of a 

similar habitat accomplished through similar adaptations is not 

by itself evidence of a close relationship. We will consider, in 

turn, each of the major ecological groups and the associated 

adaptations. 

Soft-Bottom Infaunal Burrowers 
The ancestral lamellibranchs invaded infaunal soft-bottom 

habitats to escape predation pressure on the surface while 

simultaneously taking advantage of the abundant phytoplankton 
and oxygen available in the overlying water. The laterally 

compressed digging foot of the protobranch ancestors proved to 
be a valuable preadaptation for the invasion of this new habitat. 

The addition of suspension feeding made it possible to utilize 

phytoplankton as food. Modification of the unidirectional 

anterior-to-posterior water flow of the protobranchs to a bidi- 
rectional flow through the posterior mande cavity made it possi- 
ble to burrow deeper into the sediment. The development 

of siphons allowed the bivalves to maintain efficient contact, 

loi feeding, respiratory, and reproductive purposes, with the 
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overlying water, even when deeply buried. Lamellibranchs 

radiated extensively to exploit this habitat, and this is where 

most modem species are found. 

BURROWING 

Burrowing into soft sediments is accomplished by the laterally 

compressed, muscular foot operating in conjunction with the 

shell, adductor and pedal retractor muscles, and hemocoel. 

Two pairs of pedal retractor muscles, anterior and posterior 

(Fig. 12-112A), extend from origins on the shell near the 

adductor muscles to insertions on the sides of the foot. In fact, 

the side of the foot consists primarily of the long posterior 

pedal retractor muscle (Fig. 12-104D) and a layer of connective 

tissue. The anterior pedal retractors, which are shorter and 

insert laterally on the outer surface of the posterior retractors, 

function primarily in pedal retraction, but they also play an 

indirect role in the initial protrusion of the foot and are some- 

times referred to as pedal protractor muscles. Transverse pedal 

muscles extend from right to left across the lumen of the pedal 

hemocoel, and circular pedal muscles encircle the hemocoel. 

The pedal hemocoel, may function as a hydrostatic skeleton or, 

in some bivalves, the muscle itself is the hydrostat. 

Burrowing is initiated with the adductor muscles and pedal 

retractor muscles relaxed and the shell gaping (Fig. 12-105A) 

with the siphons open and water flowing through the mantle 

cavity. Contraction of the proximal transverse muscles, circular 

muscles, and anterior retractor muscles compresses the pedal 

hemocoel and forces blood from the visceral hemocoel into the 

foot, bringing about its elongation. The foot probes and pushes 

into the surrounding sand. During this process, the weight and 

friction of the slightly gaped shell serves as a penetration anchor, 

preventing the clam from moving backward. 

When the foot is protruded, the siphons close, the adduc- 

tor muscles contract suddenly, and the valves are pulled 

together, forcing water out of the gape and putting pressure 

on the hemocoel. This forces additional blood into the distal 

foot, causing it to dilate and form a terminal anchor. The 

water expelled through the gape between the valves loosens 

the sediment in front of the shell and facilitates penetration 

(Fig. 12-105B). 

Then the anterior pedal retractor muscles contract, causing 

the shell to rock dorsally, in the direction of the hinge, and to 

simultaneously move toward the terminal anchor (Fig. 12-105C). 

The loosened sediment facilitates movement of the shell. 

Next, the powerful posterior pedal retractor muscles 

contract and cause the shell to rock ventrally, toward the gape 

(Fig. 12-105D). As the shell rocks, the combined pull of the 

anterior and posterior retractors draws the shell farther into 

the sediment toward the terminal anchor. 

Alternating contractions of the anterior and posterior pedal 

retractors rock the shell and move it closer and closer to the 

terminal anchor until it can move no farther. At this time the 

entire process is repeated, beginning with the extension of 

the foot while the shell serves as a penetration anchor. The cycle 

is repeated until the clam is at the desired depth in the 

sediment. 

Once at the desired depth, the foot is retracted, the adductor 

muscles relax, the valves gape, the siphons are extended to the 

surface, and feeding can begin. 

Some bivalves can back out of the burrow by pushing 

against the anchored foot. 

In primitive protobranchs such as Nucula, Solemya, and 

Yoldia, the foot has a flattened sole (Fig. 12-104B), and during 

the penetration phase of digging, the two sides of the sole are 
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FIGURE 12-104 Operation of the foot of the protobranch Solemya velum. A, The end of the foot is folded 

and partly extended. B, The foot is fully extended, opened, and anchored. C, The body advances by contraction 

of the longitudinal pedal muscles of the foot. D, Diagrammatic cross section of a bivalve showing the hydrostatic 

forces that produce dilation of the foot. Central vertical arrow indicates the flow of blood from the visceral 

hemocoel into the foot. (D, Modified after Trueman, 1966.) 
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FIGURE 12-105 Burrowing by bivalves. A, The siphons are open and 
water flows through the mantle cavity. The adductor muscles are relaxed 
and the valves are spread, widening the shell to create a penetration 
anchor. The pedal retractor muscles are relaxed. Contraction of the pedal 
circular muscles extends the foot into the sediment. B, Further 
contraction of the proximal pedal circular muscles forces blood into the 
distal foot, which expands to form a terminal anchor. The siphons close 
and the adductor muscles contract partially, forcing water out of the 
gape to loosen the surrounding sediment. C, The anterior pedal retractor 

muscle contracts and rocks the shell dorsally (to the left in the image), 
pulling the anterodorsal corner of the shell into the loosened sediment, 
toward the terminal anchor. D, The posterior pedal retractor muscle 
contracts and rocks the shell ventrally, pulling the anteroventral edge of 
the shell into the sediment toward the terminal anchor. The process 
begins again with A and is repeated until the clam reaches the desired 
depth. (Redrawn and modified from Russell-Hunter, W. D. 1979. A Life of 

Invertebrates. Macmillan Publishing Co. New York. 650 pp; and Trueman, E. R 

1966. Bivalve mollusks: Fluid dynamics of burrowing. Science 152:523-525.) 

folded together, producing a bladelike edge (Fig. 12-104A). 

The foot is then thrust into the mud or sand and the sole 

opens and flares outward to form an anchor (Fig. 12-104B). 

MANTLE FUSION 

The influx of sediment particles into the mantle cavity is a per- 

sistent problem for burrowing bivalves. The valves must gape 

slightly when the animal is feeding or burrowing, and the 

opening provides an entry for sediment. Sedimen t also may be 

introduced by the inhalant water flow. 

Natural selection has favored a variety of solutions to the 

problem. Increased blood pressure in the mantle swells its 

margins so the right and left mantle margins touch and form 
a seal to exclude particles, even when the valves are slightly 

gaping. Furtheimore, there has been a tendency for the right 

and left mantle margins to grow together over the midline to 

seal the mantle in places where openings are not necessary. 

The most frequent point of fusion is between the inhalant and 

exhalant openings (Fig. 12-106). This fusion forms a distinct 

dorsal exhalant aperture. A second point of fusion often 

occurs immediately below the ventral inhalant opening, form- 

ing a permanent inhalant aperture that is completely sur- 

lounded by fused mantle. Bivalves that lack permanent fusion 

have temporary openings that form whenever the left and 
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right margins of the mantle are pressed together below the 

inhalant aperture. 

Additional mantle fusion has occurred in some species, 

especially deep burrowers, so that most of the ventral margin 

between the inhalant aperture and the foot is sealed. A clam 

with maximal fusion at all three positions would have three 

openings in the mantle: the exhalant aperture, inhalant aper- 

ture, and the pedal aperture. Extensive mantle fusion not only 

reduces fouling of the mantle cavity, it also facilitates mainte- 

nance of the hydraulic pressure within the mantle cavity that is 

conducive to burrowing. 

SIPHONS 

Fusion of opposing mantle folds^ in the vicinity of the inhalant 

and exhalant apertures creates well-defined, permanent aper- 

tures known as the inhalant and exhalant siphons. The inhalant 

siphon is ventral and the exhalant siphon dorsal. The mantle 

margins surrounding the apertures may be elongate to form 

tubes of varying lengths (Fig. 12-107, 12-108, 12-109, 12-112A) or 

they may be simple, thickened areas of the mantle margin (Fig. 

12-89). Infaunal bivalves with tubular siphons can be completely 

buried, with only the siphon tips projecting above the sediment 

and vulnerable to predation. Although the siphons can be with- 

drawn rapidly by siphon retractor muscles, they are subject to 

FIGURE 12-107 The razor clam Tagelus plebius, an infaunal bivalve 

from the southeastern coast of the United States, where it may occur 

in enormous numbers. 

grazing by fishes, but can be regenerated when lost. The siphons 

are extended by blood pressure or by water pressure within the 

mantle cavity when the valves are closed. The two siphons may 

be fused or separate (Fig 12-108A,B). 

Most modern soft-bottom-dwelling filter feeders have 

siphons, and those that do not are shallow burrowers. The 

siphon length is positively correlated with the depth at which 

the species lives in the sediment. Some bivalves, such as the 

quahog (CO-hawg), Mercenaria mercenaria, live at the sediment 

surface and have unfused mantle margins (Fig. 12-89) which 

function as short siphons. Most, however, live deeper in the 

sediment and have well-developed siphons. The geoduck 

(GOOEY-duck), Panopea generosa, of the Pacific coast of North 

America is among the deepest burrowers, going down more 

than a meter. Its siphons are so large they cannot be fully 

retracted (Fig. 12-108B). 

Some bivalves, especially the deeper burrowers, tend to 

have semipermanent or permanent burrows. The burrow walls 

are coated with mucus, which stabilizes the sediments and 

reduces contamination of the mantle cavity with particles from 

crumbling burrow walls. 

Burrowing bivalves often have sensory receptors at the tips 

of the siphons—the only parts of the clam exposed to the 

overlying water, which is the source of danger and food. 

Photoreceptors, chemoreceptors, and mechanoreceptors may 

be found on the tips of the siphons. Siphons with photorecep- 

tors may be rapidly withdrawn when covered by a shadow. 

Targe, well-developed siphons are usually associated with 

a deep posterior indentation, or pallial sinus, in the pallial 

line (Fig. 12-92B). This shell feature is the scar made by the 

attachment of the siphon retractor muscles to the shell. 

SPECIALIZATIONS 

The ancestral lamellibranch soft-bottom burrower is thought 

to have had an equivalve and equilateral shell with unfused 

mantle margins and more or less circular valves. Its adductor 

muscles were isomyarian. Specializations in different groups of 

infaunal bivalves have modified the ancestral plan in various 

ways, of which mantle fusion has already been discussed. 

In many groups, the valves, too, are modified. Species of 

Donax (the coquina clam), which are inhabitants of surf-swept, 

high-energy beaches, have shells that are pointed anteriorly 

and blunt posteriorly (Fig. 12-108A) to facilitate rapid burrow- 

ing. Donax backs out of the sand as a wave advances onto the 

shore and rapidly reburrows as the wave recedes. The opening 

of the inhalant siphon is protected by papillae, which exclude 

sand grains. Some permanent inhabitants of deep burrows, 

such as the geoduck with its fused siphons and sealed mantle 

margins, have reduced valves (Fig. 12-108B). 

The razor clams Ensis and Tagelus, two unrelated but similar 

bivalves, have compressed, elongate valves and an elongate foot, 

which enable them to dig efficiendy and move rapidly within 

their more or less permanent burrows. Tagelus (Fig. 12-107) has 

long, unfused siphons, each of which has a separate opening to 

the surface. Ensis, which has short siphons, comes to the surface 

to feed, temporarily leaving the deeper, more protected part of 

its burrow. 

Some members of the large taxon Tellinoidea have 

reverted to deposit feeding. Scrobicularia, for example, extends 
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FIGURE 12-108 Infaunal bivalves. A, Donax variabilis, a common inhabitant of surf beaches. Rapid 
urrowing is facilitated by the thin, pointed foot. The opening of the inhalant siphon is frilled, preventing 

the entrance of sand grains. B, The geoduck, Panopea generosa, a giant Pacific North American bivalve, the body 

and siphon of which cannot be enclosed within valves. (A, From Milne and Milne, 1959. Animal Life. Prentice-HaU 
tnglewood Cliffs, N.J.) J 

its inhalant siphon above the surface and uses it like a vacuum 

cleaner to suck in deposit material (Fig. 12-109), which is then 

sorted on the gills. In Tellinoidea, deposit feeding is generally 

an addition to, rather than a substitute for, filter feeding. 

Many Lucinoida (Lucina, Divaricella, Codakia) have lost the 

inhalant siphon entirely and use the foot to construct a mucus- 

lined canal extending to the surface. The feeding and respira- 

tory current enters anteriorly by this passageway and leaves by 

the exhalant siphon. 

Finally, almost all freshwater bivalves are infaunal in soft 

bottoms, have relatively short siphons, and may live with the 

posterior end of the shell exposed above the sediment. 

Attached Epifauna 
A number of evolutionary lines of lamellibranchs have aban- 

doned the infaunal habitat and become adapted to life attached 

to the surfaces of hard substrata such as rock, shell, wood, coral, 

seawalls, jetties, hulls, and wharf pilings. These bivalves typically 
have a reduced or absent foot, because burrowing is no longer 

necessary. The anterior adductor muscle usually is reduced 

(amsomyanan) or absent (monomyarian). The mantle margins 
aie not fused and the siphons are absent or reduced. Attach- 

ment is accomplished in one of two ways, either by a byssus or 

by cementing one valve to the substratum. 

BYSSAL ATTACHMENT 

More than any other innovation, it was the exploitation of the 

byssal complex that made possible the extensive radiation of 

bivalves in the epibenthic habitat. The byssus is a bundle 

of strong protein threads extending from the base of the foot 

to the substratum (Fig. 12-11 OB). Eighteen evolutionary lines of 

bivalves, including the marine mussels, arcs, pen clams, jingles, 

file clams, scallops, giant clams, and many others, have a byssus 

as adults, and many others have one as juveniles. 

Construction of the byssus by the marine mussels (Mytilidae) 
has been carefully studied (Fig. 12-11 OB). The reduced, worm- 

like foot is pressed against the substratum and the byssal glands 
at the base of the foot secrete liquid conchiolin into a longitudi- 

nal byssal groove on the posterior edge of the foot. Here the 

protein is molded into a thread and its distal end stuck to the 

substratum, where it is sclerotized by tanning. After a few min- 

utes the foot withdraws, leaving behind a byssal thread attached 

distally to the substratum by a tiny disc. The foot and byssal 

gland may then form additional threads, and collectively the 

threads constitute the byssus. 

Proximally the byssal threads are attached to eight pairs of 
byssal retractor muscles. These homologs of the pedal retractor 

muscles extend from the byssus at the base of the foot to a row 
of attachments along the dorsal edge of each valve. Once the 
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FIGURE 12-109 Deposit feeding in Scrobicularia. A, Animal in 

burrow with inhalant siphon withdrawn. B, Inhalant siphon at low 

tide, extended and feeding. (From Hughes, R. N. 1969. J. Mar. Biol. Assoc. 

49: 807. Copyrighted and reprinted by permission of Cambridge University 

Press) 

byssus is constructed, contraction of the retractor muscles pulls 

the animal to the substratum. 

Among the many surface dwellers attached by byssal 

threads, the widely distributed and common marine mussels 

(Mytilidae) are perhaps the most familiar. They live attached 

to wharf pilings, seawalls, and rocks, or among oysters, often 

in dense beds. The hairlike threads often radiate outward like 

guy wires (Fig. 12-110A,B,E). Young individuals use byssal 

threads to climb vertically. Mytilids are widely used as food in 

many parts of the world, and commonly are farmed on ropes 

suspended from floats. 

Other surface inhabitants attached by byssal secretions 

include many of the heavy-bodied arks (Arcidae; Fig. 12-1 IOC), 

which are very common on tropical coralline substrates; man- 

grove oysters (Isognomon), which hang in clusters from mangrove 

roots; and winged oysters (Pteria), which live attached to sea fans 

and other gorgonian corals. 

The mytilid taxa Modiolus and Geukensia live partially buried 

in peat or sediments (Fig. 12-110E) and the pen clams Pinna 

and Atrina (Fig. 12-110D) occupy a similar position in sand, 

attaching the byssal threads to small stones. Pen clams may 

reach impressive lengths of up to 60 cm and produce very long, 

fine byssal threads that were once woven by Mediterranean 

cultures into a beautiful, durable, golden cloth reserved for use 

by the nobility. A line in the film The Ten Commandments that 

refers to a “golden gown spun from the beards of shellfish” 

alludes to this practice. Small items such as gloves, scarves, and 

hats are still produced from this cloth in Italy, primarily for the 

tourist trade. The only freshwater bivalves with a byssus 

(as adults) are the dreissenids, which include the zebra mussel, 

Dreissena polymorpha. Attachment of Dreissena to the shells of 

native North American freshwater mussels has contributed to 

the local extinction of some native populations. 

Tridacnidae, which includes the Indo-Pacific giant clams 

(Tridacna), includes infaunal and both types of epifaunal 

(attached and unattached) species. The smallest of the seven 

species is only 10 cm long but the largest, Tridacna gigas, 

reaches 1.37 m and weighs 270 kg (Fig. 12-111). All orient 

vertically, upside down with the hinge side down. Early in life 

the larvae are attached by byssal threads. As adults, some 

species retain the byssus, but some lose it and rest on the bot- 

tom, held in place by the weight of the massive shell. 

One species, Tridacna maxima, bores into coral or coralline 

rock so that the valve margins are flush with the substratum 

surface. 

Tridacnids are highly modified as a consequence of the 

byssus, epibenthic habitat, and especially by their reliance on 

endosymbiotic zooxanthellae to supplement their nutritional 

requirements. They have undergone a major morphological 

reorganization to maximize the exposure of their photosynthetic 

endosymbionts to sunlight (Fig. 12-112B). The tridacnids main- 

tain dense populations of photosynthetic zooxanthellae in their 

greatly expanded siphonal tissues. The gape of all tridacnids 

is directed upward with the hypertrophied siphon surface 

deployed across the gape, which is scalloped to increase the sur- 

face area exposed to light (Fig. 12-11 IB). Blood sinuses within 

the siphon tissue contain a garden of symbiotic zooxanthellae 

that are continuously harvested to provide the clam with an aux- 

iliary source of nutrition. The hemal system transports harvested 

zooxanthellae to the digestive ceca, where they are digested and 

assimilated. 

The mantle tissue contains brilliant green, blue, red, violet, 

or brown pigments that are probably sunscreens whose function 

is to reduce light intensity and protect the photosynthetic 

endosymbionts from photodamage by ultraviolet radiation. 

Large populations of tridacnids, such as the small boring species 

Tridacna maxima, can contribute dramatically to the beauty of an 

Indo-Pacific coral reef. 

The utilization of byssal threads by adult bivalves is believed 

to represent retention of a larval adaptation by attached 

epifaunal species. The larvae of many unattached burrowing 

forms produce a byssus for temporary anchorage upon settling 

(Fig. 12-11 OF). 

CEMENTED ATTACHMENT 

Some attached epifaunal bivalves cement one valve perma- 

nently to the substratum so that the valve conforms to its shape 

and is intimately attached to it. Such bivalves lie on one side, 

fixed to the substratum by either the right or the left valve, 

depending on the taxon. There are at least eight evolutionary 
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FIGURE 12-111 The giant clam, Tridacna. 

A, Shell. B, Looking down at an expanded 

specimen of Tridacna derasa. The mantle extends 

over the fluted shell margins. The white-lipped, oval 

aperture is the exhalant siphon. 

lines of attached, cemented, epifaunal bivalves, of which oys- 

ters are the most familiar. The name oyster, however, is applied 

to a wide variety of unrelated taxa, many of which attach by 

byssal threads and some by cementation. Members of Ostrei- 

dae (true oysters), including the edible American east coast 

oyster Crassostrea virginica (Fig. 12-113) and the European 

Ostrea edulis, attach by cementation to the substratum. The 

metamorphosing veliger is initially anchored with an organic 

adhesive produced first by the foot and then by the mantle. 

The mantle margin then secretes the left valve against the 

substratum. 

The attachment of one valve to the substratum has led to 

varying degrees of inequality in the size of the two valves. 

The shells of cemented epifaunal bivalves tend to be both 

inequivalve and inequilateral. In most cases the lower, 

attached valve is the larger and is concave so that it forms 

a cup to contain the body. The upper, unattached valve is 

usually relatively flat and forms a lid for the container. In 

the true oysters (Ostreidae), the large left valve is attached 

to the substratum and the flat right valve is the upper lid 

(Fig. 12-113, 12-110A). In the tropical jewel boxes (Chama) 

the left valve forms a deep box attached to the substratum 

(Fig. 12-114A). An extreme condition was reached in the 

extinct Mesozoic rudists, in which the lower valve was 

shaped like a deep tube or horn (Fig. 12-114B). The rudists 

often occurred in reeflike aggregations. 

The common jingle clams, in the family Anomiidae, have 

features of both the byssally attached and the cemented 

bivalves. They lie on their side with the right valve tightly 

appressed against the substratum, but they are actually 

anchored by a large, calcified byssal thread (peduncle) that 

passes through a large opening in the right valve to reach the 

substratum, where it is attached (Fig. 12-114C). The left 

valve — the upper valve — lacks the byssal opening. 
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FIGURE 12-112 Comparison of the 

structures of (A) a cockle, a shallow borrower 
in soft bottoms with typical bivalve anatomy, 

with (B), the related but morphologically 

aberrant and extensively reorganized giant 

clam (Tridacna), which is byssally attached 

and oriented with the hinge side down. 

Both views are from the left and are 

oriented with the foot ventral, in its correct 

position. In the cockle, the remaining parts 

are in their accustomed locations with 

respect to the foot. In the giant clam there 

has been, in effect, a counterclockwise 

rotation (when viewed from the left) of 

structures around the foot, which remains 
in its original ventral position at 6 o'clock on 

a clock face. The formerly dorsal hinge, 

ligament, and umbo are now ventral, having 

moved from 12 o'clock to about 7 o'clock. 

The formerly posterior exhalant siphon has 

moved to near the midpoint of the gape, on 

top of the animal (from 3 to 11 o'clock). The 

posterior pedal retractor muscle has moved 

anterior to the middle of the clam and has 

hypertrophied enormously. The mouth, 

anterior pedal retractor muscle, gills, 

posterior adductor muscle, and inhalant 

siphon are in approximately their original 

positions. A result of this rotation is that the 

expanded siphonal tissue, with its population 
of zooxanthellae, now occupies most of the 

gape and is facing upward, toward the sun. 

(From Yonge, C. M. 1975. Giant clams. Sci. Am 

232(4):96-105.) 
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FIGURE 12-113 Anatomy of the American 
oyster Crassostrea virginica. The animal is shown 
in its attached left valve with the right valve 
removed. The visceral mass is drawn as if 
transparent to reveal features of the internal 
anatomy. (Modified after Galtsoff, 1964) 

SPECIALIZATIONS 

Epifaunal bivalves share a number of convergent features even 

though the taxa may be unrelated. Predictably, the foot is 

reduced by varying degrees, usually being present but small in 

byssally attached species and completely lost in cemented 

species. There is a tendency to reduce the anterior end, so that 

the muscles are anisomyarian or monomyarian and the valves 

are inequilateral. Anterior reduction in mussels is perhaps an 

adaptation to facilitate elevation of the posterior end above the 

substratum, thereby reducing the likelihood of obstruction 

that the dense aggregations of these bivalves tend to create. 

Many epibenthic bivalves have a well-developed middle 

mantle lobe with tentacles and eyes. Obviously the relationship 

between an epibenthic bivalve and its environment differs from 

that of an infaunal bivalve and its environment. Epibenthic 

species encounter food and danger on all sides, not just at the 

tips of the siphons, and it is advantageous to have sense organs 

along the entire length of the mantle margin. 

Mantle fusion and siphon formation have not occurred in 

epifaunal bivalves since they live above the surface and generally 

on hard substrata, where fouling by sediment particles is less 

likely. However, oysters and mussels, which occur in dense beds, 

are subject to self-fouling and depend on the cleansing action of 

tidal currents to prevent them from becoming completely 

buried in their own feces and pseudofeces. Young Mytilus edulis 

(mussels) clean the exterior of the shell with their precociously 

elongate foot. 

Unattached Epifauna 
Of the few bivalves that live on the surface without attaching 

to it, the best known are the scallops (Pectinidae; Fig. 12-115) 

and the file clams (Limidae). Both families contain species that 

attach using a byssus, but many species are unattached. These 

bivalves always rest with the right valve down, against the substra- 

tum. The foot is reduced, being used only to clean the mande 

cavity, and the anterior adductor muscle is lost. The large, well- 

developed posterior adductor muscle occupies a more central 

position and is divided into catch (smooth) and fast (striated) 

portions (Fig. 12-115B). Rapid contractions of the striated fibers 

are used for swimming, whereas the sustained contractions of 

smooth fibers provide for prolonged closure of the valves. 

The unattached species of file clams and scallops swim by 

clapping the valves together. This forces a jet of water from 

the mantle cavity that propels the animal away from a preda- 

tor. The muscular inner lobe of the mantle margin, when 

appressed against the lobe on the opposite mantle surface, 

controls the direction of the water jet, permitting it (in scal- 

lops) to exit on either side of the hinge line or opposite the 

hinge line. The scallop can, to a limited extent, control the 

direction in which it swims. 

The swimming ability of scallops and file clams is used 

primarily to escape predators. For example, if a predatory 

starfish, or even one tube foot of such a starfish, touches the 

mantle margins of a scallop, the swimming response is evoked, 

and the scallop will swim a meter or so away at a much faster 

rate than the starfish can follow. Some scallops use the water 

jets to blow out a depression in the sand surface into which 

they settle. File clams nest in crevices beneath stones and swim 

only when disturbed. 

Boring 
The ability to penetrate and live beneath the surface of firm, 

consolidated substrata, such as peat, clay, sandstone, shell, coral, 

calcareous rock, and wood, has evolved in five lamellibranch 
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FIGURE 12-114 A, The jewel box, Chama, a common, tropical 
sessile bivalve whose upper (right) valve forms a lid over the 
attached lower (left) valve. B, A rudist, a Mesozoic bivalve in which 
a caplike upper valve covers a deep, hornlike lower valve. C, A jingle 
or toenail, clam (Anomiidae). The lower (right) valve contains a 
large hole for the calcareous peduncle, homologous to the 
byssus of other bivalves. The right valve of the clam is on the left in 
the photograph. (B, From Kauffman, E. G., and Sohl, N F 1973 Verh 
Nat. Ges.) 

families. These belong to two distinct taxonomic and evolution- 

ary groups but are collectively known as the boring bivalves. 

One, composed of some members of Myoida and Veneroida, 

arose from soft-bottom infaunal burrowers that gradually 

evolved the ability to bore into successively firmer substrata. 

Pholadidae (Fig. 12-116), containing the piddocks, martesias, 

and angel wings, are the most conspicuous and best-known ex- 

amples of this group, but also included are the gastrochaenids, 

teredinids, and petricolids. Boring species with burrowing 

ancestors usually attach to the burrow wall by the foot, which 

has developed a suckerlike ventral surface for this purpose (Fig. 

12-116B). 

The ancestors of the second group, represented by the 

boring mussels (Mytilidae), were probably byssally attached 

epifaunal bivalves. Boring bivalves with epifaunal ancestors 

attach to the side of their burrow by byssal threads. 

Each boring bivalve begins excavation soon after the larva 

settles on a suitable substratum and slowly enlarges and deep- 

ens the burrow as it grows. Once the burrow is constructed, 

the animal is forever enclosed in it and communicates with 

the outside world via the siphons extended from a small 

opening at the surface. A boring bivalve removed from its 

chamber cannot excavate a new burrow and is doomed to 

quick consumption by a predator. 

In the great majority of species, boring is a mechanical 

process employing the valves as drills to abrade the substratum 

and produce a burrow. The anterior surfaces of the valves are 

frequently roughened or toothed to increase their abrasive 

ability (Fig. 12-116A). The drilling movements are adaptations 

of the locomotory (burrowing) movements of their nonboring 

ancestors. 

Drilling rates vary. Over an 18-month period, the piddocks 

Penitella penita and Chaceia ovoidea excavated soft shale at rates of 

2.6 mm and 11.4 mm per month, respectively. Some boring 

bivalves rotate on their longitudinal axis within the burrow, and 

as a result the burrow cross section is round (Fig. 12-116C). 

Others remain attached to one wall of the burrow and maintain 

a constant orientation with respect to their longitudinal axis, so 

the burrow tube reflects the cross-sectional shape of the shell. 

Some of these species, such as Gastrocliaena, create separate 

openings for the inhalant and exhalant siphons at the surface of 

the rock by secreting calcareous material between the two 

siphons. Much of the particulate waste produced by drilling is 

transferred to the mantle cavity and then ejected with the 

pseudofeces through the inhalant siphon. 

One of the date-pit mussels, Lithophaga bisulcata, a very com- 

mon, cigar-shaped, byssally attached borer in shell and coral, 

excavates chemically. A mucoprotein-chelating agent, secreted 
by glands in the middle fold of the mantle margin, softens the 

calcareous substratum, which is then scraped away by the valves. 

Those species that bore into live coral have, in addition, glands 

whose secretions prevent the coral from depositing calcium 

carbonate over the bivalve s bore hole and still other glands that 

inhibit discharge of the coral's nematocysts. 

Many boring bivalves inhabit wood. The wood-boring pho- 

ladrds, such as Martesia and Xylophaga, are adapted in much 

the same way as the many rock- and shell-boring members of 

the same family. Wood panels planted 1830 m deep on the sea 

bottom were completely riddled by Xylophaga and a related 

genus when recovered 104 days later. 
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FIGURE 12-115 The scallop Pecten. A, Gape view, showing eyes and tentacles on the sensory fold of the 

mantle margin. B, Internal structure viewed from the left side, with the left valve removed. Anterior is on the 

viewer's left. (After Pierce, M. 1950. In Brown, F. A. (EcL.): Selected Invertebrate Types. John Wiley and Sons, New York.) 

The most specialized wood borers are the shipworms, 

members of the taxon Teredinidae. The natural habitats of 

the 60 species of this widely distributed taxon are mangrove 

prop roots and timber swept into the sea by rivers, and they 

play an important ecological role in the degradation of 

wood in the sea. In an economic context, they are destruc- 

tive animals that damage or destroy piers, pilings, hulls, and 

other wooden structures placed by humans in the sea, and 

much expense and research have been devoted to their con- 

trol. Timbers can quickly become completely riddled with 

tunnels (Fig. 12-117B). They were an even more serious eco- 

nomic problem in the days of wooden sailing vessels. 

Shipworms are the most morphologically derived of the 

boring bivalves, perhaps of all the bivalves. The body is greatly 

elongate, cylindrical, and wormlike (Fig. 12-117A). The shell is 

reduced to two small anterior valves, which are used to rasp 

into the wood. Cutting of the wood is accomplished by 

opening and rocking motions of the valves while the body is 

attached to the burrow by the small foot. The elongate 

mantle, enclosing most of the body behind the valves, secretes 

a calcareous lining for the burrow. The long, delicate siphons 

open at the surface of the wood and the burrow entrance is 

plugged by calcareous pallets when the siphons are retracted. 

Burrow size increases with the growth of the shipworm and 
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FIGURE 12-116 Boring bivalves. A, Structure of a pholadid. B, Ventral view 
of a pholadid, showing the suckerlike foot in the pedal aperture. Siphon is to 
the left. C, Surface openings and part of the burrows of pholadid bivalves in 
a piece of hard clay. 

may leach a length of 18 cm to 2 m, depending on the 

species. The life span is one to several years, again depending 

on the species. 

Unlike the piddocks, shipworms use the excavated saw- 
dust for food, although many also filter feed. Most boring 

organisms use their substratum as a safe habitat but do not 

consume it for food. Shipworms and termites are important 

exceptions, however, and their great ecological and eco- 

nomic importance is a consequence of this unusual ability. 

Because they burrow for food, the extent of damage is far 

greater than it would be if the excavations were only a place 

to live. The shipworm stomach has a large cecum for 

sawdust storage. Symbiotic bacteria housed within a special 

organ that opens into the esophagus not only digest cel- 

lulose, but also, by fixing nitrogen, compensate for the 

low-protein diet. 

Commensals and Parasites 
A small number of bivalves belonging almost exclusively to the 

veneroid taxon Lasaeidae, have evolved commensal and para- 

sitic relationships with other invertebrates. Most commensals 

are related to free-living epibenthic forms, such as Kellia and 
Lasaea, which nestle in crevices. Most attach by byssus threads 
but some crawl on their foot like a snail. The hosts are usually 

burrowing echinoderms (such as heart urchins, brittle stars 

and sea cucumbers), burrowing polychaetes, and burrowing, 

shrimplike crustaceans. Entovalva mirabilis, which lives in the gut 
of sea cucumbers, is the only known parasitic bivalve. Paramya 

subovata, a commensal with the echiuran Thalassema hartmani, 

and Cryptomya californica, a commensal with the echiuran Urechis 

caupo, are myoids, not veneroids. 

Commensal bivalves tend to be highly adapted for life in the 

burrows of other organisms. They are always very small and 

often have a reduced and internalized shell, an expanded 

mantle, a byssus, and a one-way flow of water with anterior 

inhalant and posterior exhalant siphons. They exhibit a variety 
of leproductive adaptations, including hermaphroditism and 

dwarf, parasitic males; fertilization in the mantle cavity; and 

blooding in the mantle cavity, and one species even has seminal 

receptacles. 

Freshwater Habitats 
Except for occasional representatives from a variety of marine 

families such as the oysters, shipworms, piddocks, mussels, and 

others that can tolerate low salinities and have invaded brackish 

estuaries and marshes, the freshwater bivalves are restricted to 

nine families variously represented in different parts of the 

world. 

Native North American freshwater bivalves belong 
to Unionidae, Margaritiferidae, and Sphaeriidae. All are 
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FIGURE 12-117 More boring bivalves. A, A shipworm, a wood-boring bivalve. B, X-ray photograph of 
a marine timber section showing shipworms. (A, By Brian Morton.) 

ancient taxa, well adapted to life in freshwater habitats. As an 

important adaptation to freshwater life, all three have lost 

the planktonic veliger larva. Planktonic larvae are usually a 

disadvantage in freshwater animals, partly because currents 

sweep them downstream, away from optimal habitat for the 

species. Sphaeriids (fingernail clams) have direct develop- 

ment and brood their juveniles in the mantle cavity. Many 

fingernail clams are adapted for living in temporary bodies 

of fresh water. The unionids (freshwater mussels), with 110 

extant genera, have been especially successful, most notably 

in eastern North America, where their diversity is very high. 

Unionids, and the less diverse margaritiferids, have a special- 

ized larva that is parasitic on fishes (Fig. 12-121C). They 

brood the embryos in the gills before releasing the larvae. 

Development in freshwater mussels is discussed in more 

detail in a later section. 

The Asian clam, Corbicula fluminea, was introduced to the 

west coast of North America in 1925 and has since spread across 

the continent so that it is now present in most fresh water south 

of about 40° N latitude, including streams, lakes, and reser- 

voirs. Population densities of 10 to 3000/m2 are typical, but 

130,000/m2 have been reported. Corbicula competes successfully 

with native mussels and excludes them from their habitats. It 

clogs irrigation ditches and canals and degrades the quality of 

river sand and gravel for construction purposes. 

Another exotic species with the potential for serious eco- 

logical and economic harm is the zebra mussel, Dreissena poly- 

morpha, which has been transported across the Atlantic in the 

ballast water of cargo ships filled and emptied in freshwater 

ports. The zebra mussel is believed to have entered the 

St. Lawrence Great Lakes in 1986 with the discharge of ballast 

water originating in a Baltic port and has since undergone an 

explosive population increase. This small, epifaunal mussel 

attaches by byssal threads and forms dense mats containing as 

many as 700,000 individuals per square meter. In addition to 

altering the ecosystem by removing a large amount of plank- 

ton and overgrowing and smothering native clams, the zebra 

mussel clogs the intake pipes of municipal water plants and 
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the cooling water intakes of various industrial facilities, includ- 

ing nuclear reactors. Dreissena is unusual among freshwater 

clams in having a free-swimming veliger larva. 

INTERNAL TRANSPORT 
The hemal system is similar to that of other conchiferans. It 

consists of a heart in a pericardial cavity, aortae leading to 

hemocoelic blood sinuses, and numerous veins returning the 

blood to the heart (Fig. 12-52). The heart consists of a central 

ventricle that receives blood from a pair of lateral atria that 

drain oxygenated blood from the gills. There are some modifi- 

cations of the typical molluscan circulatory path in bivalves, 

including a well-developed circuit through the mantle skirts, 

which are auxiliary respiratory organs. In most bivalves, the 

intestine passes through the pericardial cavity and ventricle 

(Fig. 12-89B). 

The blood (hemolymph) contains hemocytes and some- 

times respiratory pigments. In addition to its transport 

functions, bivalve blood is a component of the hydrostatic 

skeleton that plays a role in digging and about 50% of the 

soft-tissue volume of a bivalve is blood. 

GAS EXCHANGE 
Gas exchange occurs over the gills, the inner surface of the 

mantle skirts, the foot, and other exposed epithelia. Removal of 

oxygen from the respiratory current is inefficient compared 

with that of other molluscs. For example, scallops remove 2.5 to 

6.8% of the oxygen whereas abalones (gastropods) remove 

48 to 70%. This low rate of oxygen assimilation is made possible 

by the unusually large volume of water passing through the 

unusually large gills. Lamellibranch gills are disproportionately 

large because of their role in filter feeding, and there is much 

mou surface aiea and more water flow than needed for gas 

exchange. Moreover, in some bivalves, such as the intertidal 

mussel Geukensia demissa, there is substantial uptake of oxygen 

acloss the mantle skirts. At low tide, when the mussel is exposed 

and the gills are collapsed, it utilizes atmospheric oxygen 

absorbed by the mantle rather than the gills. 

Bivalve blood usually lacks respiratory pigments, but in 

about 20 species, including arks (Noetia, Area, Anadara) and 

Calyptogena (of deep-sea hydrothermal vents), the blood 

contains intracellular or extracellular hemoglobin. In some 

species, such as rellina alternata, neuroglobin is present in the 

ganglia, which consequently are yellow or orange. Hemoglo- 

bin and muscle myoglobin may give tissues a bright red color. 

In the ark Noetia, at least, blood hemoglobin functions both 

in oxygen transport and in oxygen storage. 

Hemocyanin has been found in two taxa of protobranchs. 
I his is probably additional evidence that hemocyanin is the 

primitive molluscan respiratory pigment that has been lost in 

most bivalves. 

EXCRETION 
The bivalve excretory apparatus is a heart-kidney complex 

similar to that of other molluscs (Fig. 12-89B, 12-118) The 

pericardial glands are evaginations of the pericardium into 

some part of the hemal system, typically the atria. The epithe- 

lium of these evaginations separates the pericardial cavity 

from the blood, is equipped with abundant podocytes, and is 

the site of ultrafiltration, which forms a primary urine in the 

pericardial cavity. Each of the two nephridia (kidneys) is a 

large, elaborated nephridium connected with the pericardial 

cavity by the ciliated renopericardial duct, which opens from 

the cavity by the nephrostome. The nephridium is surrounded 

by the renal vein and its walls are composed of secretory and 

absorptive cells. The nephridium, the site of modification of 

the primary urine, is a long, sinuous tube with an enhanced 

surface area in contact with the blood of the surrounding 

renal vein. Each nephridium empties into the exhalant cham- 

ber via a nephridiopore. 

The operation of the heart-kidney complex should be familiar 

by now. Blood enters the pericardial glands (Fig. 12-118) from 

the atria and is ultrafiltered across the pericardium to form the 

primary urine in the pericardial cavity. The primary urine passes 

through the nephrostome into the renopericardial duct to the 

nephridium. The composition of the primary urine is altered by 

selective secretion and absorption by the nephridial epithelium 

vis-a-vis the blood of the surrounding renal vein. With modifica- 

tion complete, the final urine exits the nephridiopore into the 

exhalant chamber of the mande cavity and is removed from 

the clam by the exhalant current. 

Freshwater bivalves, like their gastropod counterparts, 

excrete large volumes of water through the nephridia. The 

urine is very hyposmotic to the blood, and salts are reabsorbed 

by the nephridium to maintain very low concentrations in the 

final urine. The mantle and gill epithelia absorb salts from 

the respiratory water current. 

NERVOUS SYSTEM 
The nervous system is similar to that of other conchiferans, 

but it is less cephalized due to the reduction of the head as 

a center for sensory reception in these sedentary animals. The 

head, such as it is, is inside the shell and is not well situated 

for sensory functions. Rather than being centralized, the sense 

organs are located in peripheral regions such as the foot, 

mantle margins, and siphons that come in contact with the 

environment. The usual molluscan ganglia are present, but 
they tend to be widely separated by long connectives and 

commissures. 

The nervous system is bilaterally symmetrical with three 

major pairs of ganglia and three pairs of nerve cords (Fig. 

12-119). The paired cerebropleural ganglia are composed of the 

ceiebral, pleural, and buccal ganglia of the conchiferan ances- 

tor. They are located dorsolaterally beside the esophagus and 

aie connected across the midline, dorsal to the esophagus, by 

the cerebral commissure. The cerebropleural ganglia serve the 

anterior adductor muscle, anterior mande, cerebral eyes, labial 

palps, anterior gut, and statocysts. Coordination of foot and 

adductor muscle activity is a function of the cerebral ganglia. 

The two pedal ganglia are coalesced on the midline, well 

ventral to the esophagus, and near the junction between the 

visceial mass and the foot (Fig. 12-90). Motor nerves from the 

pedal ganglia control the anterior pedal retractor muscles, 

byssal retractor muscles, and the foot. The pedal and cerebro- 

pleural ganglia are included in the nerve ring and are 

connected by pedal nerves. 
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FIGURE 12-118 Diagrammatic dorsal view 
of the heart-kidney complex of the bivalve 
Scrobicularia plana. Solid arrows indicate urine 
flow, outlined arrows indicate blood flow. 
Ultrafiltration takes place in the pericardial 
glands and produces primary urine in the 
pericardial cavity. This ultrafiltrate flows through 
the renopericardial duct to the lumen of the 
nephridium, where it is modified by exchanging 
materials with the surrounding blood in the renal 
veins. Valuable materials are reabsorbed by 
epithelial cells and returned to the blood, 
whereas additional toxins and wastes are 
transferred from the blood to the urine. Upon 
reaching the nephridiopore, the proportion of 
wastes to valuable materials in the urine is high 
and the urine is in its final condition ready for 
elimination with the exhalant water stream. 
The rectum is omitted for clarity. (Redrawn and 
modified from Morse, M. R, and Zardus, J. D. 1997. 
Bivalvia. In Harrison, F. W., and Kohr, A. J. (Eds): 
Microscopic Anatomy of Invertebrates. Vol. 6A, 
Mollusc a II. Wiley-Liss, New York. pp. 7-118; after 
Andrews, E. B., and Jennings, K. H. 1993. The 
anatomical and ultrastructural basis of primary urine 
formation in bivalve molluscs. J. Moll. Stud. 
39:223- 257.) 

Two long visceral nerves, situated dorsally in the visceral mass, 

extend posteriorly from the cerebropleural ganglia to terminate 

at the visceral ganglia (composed of the fused visceral and 

esophageal ganglia of other molluscs) on the anteroventral 

surface of the posterior adductor muscle (Fig. 12-119). The 

visceral ganglia serve the mantle and siphons, posterior adductor 

muscle, posterior pedal retractors, gills, osphradia, and most of 

the viscera (heart, gonad, nephridia, and intestine). 

Two pallial nerves make a large loop from the cerebropleural 

to the visceral ganglia ventrally in the visceral mass. The pallial 

nerves lie in the periphery of the skirts close to the mantle folds 

(Fig. 12-91). A pair of siphonal ganglia, located on the pallial 

nerves close to the visceral ganglia, receives the abundant sensory 

nerves of the siphons. 

SENSE ORGANS 
The margin of the mantle, particularly the middle fold and the 

siphons, is the location of most bivalve sense organs. In many 

species the mantle edge bears pallial tentacles (Fig. 12-115) 

with primary ciliary receptor cells that are mechanoreceptors 

and perhaps chemoreceptors. 

A pair of statocysts is usually found in the foot near or 

within the pedal ganglia, although they are innervated by the 

cerebral, not the pedal, ganglia. Each statocyst consists of a sac 

of ciliated cells containing a calcareous statolith. The statocysts 

of some attached species, such as oysters, are reduced. 

Pallial eyes (ocelli) are features of the mantle margin and 

may be on the middle mantle fold or on the siphons. They 

enable a surface-dwelling bivalve such as a scallop or cockle or 

an infaunal clam with a siphon to detect sudden changes 

in light intensity, such as the shadow cast by a predator. The 

exposed mantle tissue of giant clams contains several thou- 

sand ocelli. In most cases, bivalve ocelli are simple pigment 

spots or pigment cups. In arks, however, the ocelli are com- 

pound, and in scallops and thorny oysters, the ocelli are well- 

developed eyes. 

The unusual eyes of scallops (Pecten) are located on the 

middle mande fold (Fig. 12-115) and have an outer epithelial 

cornea that covers a large lens composed of cells resting on 

a basal lamina. Under the basal lamina are two distinct layers of 

photoreceptor cells, the distal and proximal retinas. The distal 

retina is a direct pigment cup, whereas the proximal retina is an 

indirect cup. The distal retina is composed of ciliary receptors 

that face the light source. The proximal retina is composed of 

rhabdomeric receptors facing away from the light source. Below 

the two retinas is a layer of reflective pigment (tapetum) 

followed by a layer of opaque pigment. Light that passes the two 

retinas is reflected back to the photoreceptors, where it may be 

detected. The advantage of this arrangement is unclear. Perhaps 

the tapetum reflects light back to the proximal retina, whose 

receptors face it. The innermost layer of opaque pigment is the 

pigment cup, whose function is to prevent the entry of light 

from any direction other than the lens. 
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FIGURE 12-119 Dorsal view of the nervous system 

of Pholas, a siphonate eulamellibranch that bores into 

hard substrata. (After Forsterfrom Bullock, T H., and 

Horridge, G. A. 1965. Structure and Function in the Nervous 

System of Invertebrates. Vol. II. W. H. Freeman, San 

Francisco, p. 1391.) 

Cerebral eyes (cephalic eyes) are direct pigment cups 

present in veliger larvae and some adult mussels (such as 

Mytilus edulis). They are paired and one is located at the 

anterior end of each gill axis. A small translucent area of 

the overlying shell permits light to reach the eye. Cerebral 

eyes are probably homologous to the eyes of gastropods. 

Immediately beneath the posterior adductor muscle in the 
exhalant chamber is a patch of sensory epithelium usually 

called an osphradium. The bivalve osphradium is assumed 

to be a chemoreceptor for monitoring the water passing 

through the mantle cavity. Its position in the exhalant cham- 

ber however, means it is unable to sample the incoming water 

current before it reaches the gills, which casts some doubt on 

its supposed role. 

REPRODUCTION 
Most bivalves are gonochoric and fertilization is almost always 

external, although it sometimes occurs in the mantle cavity. 

The gonads are paired and expand to surround the intestinal 

loops in the visceral mass (Fig. 12-89B). The two gonads are 

usually so close together they cannot be distinguished. In 

these gonochoric animals with no copulation, there is no 

reason for the gonoducts to be more than simple conveyances 

for gametes and the reproductive system is simple. 

In the ancestral bivalves, as in the ancestral mollusc, the 

gonoduct opened into the pericardial cavity and the gametes 

were released from there through the nephridium to the 

mantle cavity (Fig. 12-120A). In intermediate bivalves, such as 

protobranchs and filibranchs, the gonoduct joins the nephrid- 
ium somewhere along its length and the gametes enter the 

mantle cavity through the nephridiopore (Fig. 12-120B). In 

most eulamellibranchs the gonoduct and nephridium are 

entirely separate and have independent pores into the exha- 

lant chamber (Fig. 12-120C). 

Hermaphroditic bivalves include the shipworms (Tere- 
dinidae), the freshwater fingernail clams (Sphaeriidae), a few 

Unionidae, some species of cockles, oysters, scallops, and the 

Asian clam, Corbiculci fluminea. In simultaneously hermaphro- 

ditic scallops, the gonad is divided into a ventral ovary and 

a dorsal testis, both of which lie on the anterior side of the 

adductor muscle (Fig. 12-115B). The European oyster, Ostrea 

edulis, like other species of Ostrea, is a protandric hermaphro- 

dite. Ostrea edulis not only shifts from male to female, but also 

changes back from female to male. An individual may exhibit 

active male and female phases each year. Species of Crassostrea, 

including the American east coast oyster, Crassostrea virginica, 

are mostly gonochoric. 

DEVELOPMENT 
In most bivalves, gametes are shed into the environment with 

the exhalant current. Some bivalves, however, brood their eggs 

in the exhalant chamber, as do some shipworms, or within the 

demibranchs, as does Ostrea edulis, the freshwater Unionidae 

(mussels), and Sphaeriidae (fingernail clams). Brooded eggs are 

usually fertilized by sperm brought in with the feeding current 

or, in the case of some shipworms, the male uses the exhalant 

siphon as an intromittent organ to deliver sperm into the 

female’s inhalant siphon. 

Cleavage is spiral and a molluscan cross is formed in the 

blastula. In most marine bivalves a free-swimming trochophore 

develops from the gastmla and is succeeded by the typical 

bivalve veliger (Fig. 12-121 A,B). The bilaterally symmetrical 

veliger is enclosed by two valves, has a ciliated velum, foot, 

gut, gill rudiment, and two adductor muscles, and resembles 

a miniature clam. Protobranchs have a trochophore, sometimes 

known as a pericalymma, but no veliger. 

Like gastropods, some marine bivalves have long-lived, plank- 

totrophic (feeding) veligers capable of dispersal over long 
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FIGURE 12-120 The evolution of independent bivalve gonoducts. Diagrammatic cross sections showing the 

right mantle cavity of representative bivalves. A, An ancestral bivalve with the gonoduct opening directly into 

the pericardial cavity. Gametes pass to the mantle cavity through the nephridium. B, An intermediate 

condition like that in the filibranch (Mytilus) with the gonoduct sharing part of the nephridial tube. C, The 

condition found in most eulamellibranchs, with the nephridium and gonad having separate ducts and 

openings in the exhalant chamber. In hermaphroditic bivalves the sequence and relationships are the same, 

but the gonads are divided into male and female regions. (Redrawn and modified from Mackie, 1984) 

distances, but some have short-lived, lecithotrophic (non- 

feeding) veligers sustained by yolk reserves. The planktotrophic 

veligers of oysters (Ostreidae) are capable of dispersion over dis- 

tances of up to 1300 km. Some bivalves, such as Ostrea and some 

species of shipworms, are larviparous and brood the embryos 

until they become veligers, at which time they are released. 

Metamorphosis is characterized by the sudden shedding of 

the velum. Settling may require extensive testing of the 

substratum and delayed metamorphosis until an acceptable 

habitat is found. Ostrea edulis swims upward and attaches to 

the shaded underside of objects. Shipworm veligers settle 

only on wood. 

Freshwater Bivalves 
With the exception of Dreissena and Nausitoria, which have 

free-swimming veliger larvae, freshwater bivalves invariably 

employ modified developmental patterns designed to cir- 

cumvent the many problems encountered by planktonic 

larvae in freshwater environments. All North American 

freshwater bivalves (except Dreissena) brood their larvae 

in marsupia in the modified water tubes between the lamel- 

lae of the demibranchs. Sperm enter via the inhalant cur- 

rent and fertilize the eggs in the marsupium or exhalant 

chamber. 

For several reasons, freshwater bivalves have eliminated 

or modified the ancestral planktonic larva. Most freshwater 

mussels have very specific habitat requirements, and a uni- 

directional river current would be certain to move larvae 

inexorably downstream from optimal to suboptimal habitat. 

Because there is no compensating mechanism for upstream 

recolonization, the population would be doomed. Further, 

because of the low specific gravity of fresh water, it is difficult 

for planktonic larvae to remain suspended in the water col- 

umn, especially in summer, when water density is lowest. 

Sphaeriidae, Unionida, Mutelidae, and Mycetopodidae 

have solved this problem by eliminating the typical plank- 

tonic marine veliger. Sphaeriids have direct development 

and brood their eggs in marsupial sacs between the gill 

lamellae to release tiny clams. Unionida, Mutelidae, and 

Mycetopodidae retain indirect development with larvae, but 

their highly specialized larvae are not planktonic. These 

bivalves brood the eggs in the exhalant water tubes between 

the gill lamellae, where they develop to the veliger stage 

(Fig. 12-12ID). The veligers, however, are highly modified 

for a parasitic existence on freshwater fishes. As a parasite, 

the larva relies on its host fish for sustenance and, equally 

importantly, for dispersal within the stream reach preferred 

by both fish and mussel. By this mechanism, the mussel larva 

avoids being carried downstream by the current and can 

remain in optimal habitat. 

The parasitic larva of Unionida (freshwater mussels) is 

the glochidium (Fig. 12-121C). This specialized veliger has two 

valves lined by the larval mantle with peripheral clusters of 

sensory bristles. Primordial adult structures such as the foot, 

gills, and gut are present, and some species have a long, adhesive 

larval thread. The valves are hinged and closed by a single larval 

adductor muscle. There is no mouth, anus, or digestive tract. 

Mature glochidia range in size from 50 to 500 pm, depending 

on the species. 

Release of glochidia is related to the habits of the host fish. 

In some mussel species the glochidia are dispersed over the 

bottom in spidery mucous strands and inadvertently acquired 

by fishes with benthic nesting or feeding habits. Other mussels 

release their glochidia in the form of colored masses that look 

like worms, insects, or juvenile fish. The mass is ingested by 

the fish host and the glochidia attach to the gills. One species 

lures the host with a lifelike model fish fashioned from the 

mantle margin (Fig. 12-121E). When the host fish investigates 

the undulating lure, the mussel squirts a cloud of glochidia in 
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its face. Some mussel species are highly host selective, but 

most parasitize more than one species of fish and some fish 

species may be the host for a number of mussel species. 

The hooked valves of Anodonta glochidia (Fig. 12-121C) 

immediately clamp onto the fins and other parts of the body 

surface of the fish. The long, sticky larval thread aids in initial 

contact and adhesion. Clasping by the valves is a response to 

specific compounds in the fish mucus. The hookless glochidia 

of other mussels are picked up by the respiratory or feeding 

currents of the fish and attach to the gills. In either case, fish 

cells migrate to the glochidium and encapsulate it in a cyst. 

Phagocytic cells in the larval mantle degrade and absorb the 

fish tissue to nourish the developing clam. During this 

parasitic period, which lasts from 10 to 30 days, or sometimes 

several months, many of the Mrval structures, such as the 

sensory bristles on the mantle, the larval thread, the larval 

adductor muscle, and the larval mantle, disappear and adult 

organs begin developing. Eventually, a juvenile mussel breaks 

out of the cyst, falls to the bottom, and burrows in the 

sediment. Here development is completed and the adult habit 

is gradually assumed. 

South of the larger freshwater mussels may produce as 

many as 17,000,000 glochidia annually, and a single fish has 

been reported to support up to 3000 glochidia. Adult fish 

apparently are not harmed by the parasitic glochidia, but fry 

may die from secondary infections. Obviously, most glochidia 

perish and do not become adult mussels. 

The Asian clam, Corbicula, broods embryos in the medial 

demibranchs. Its eggs are microlecithal and the developing 

embryos may receive some nourishment from the gill tissues. 

Within the brood chambers a trochophore develops and 

becomes a veliger. The veliger loses its velum and becomes 

a juvenile, or pediveliger, and at this stage it is released from 

the brood chamber. The pediveliger is benthic, not plank- 

tonic, and uses its foot to crawl over the bottom and invade 

new habitat upstream or downstream. 

Growth and Life Span 
As in gastropods, the rates of growth and life span of bivalves 

vary greatly. The common mussel of the California coast 

Mytilus californianus may reach a length of 86 mm within one 

year. In general, most bivalves grow most rapidly during their 

early years. Ages of 20 to 30 years are now known to be 

common for bivalves, and for some species there are records 

of individuals reaching ages of 150 years. 

The growth stages of commercially farmed species are 

well known. Oysters (Ostreidae), for example, reach mar- 

ketable size in one to three years depending on the species, 

latitude, and various environmental conditions. Newly settled 

oysters, called spat, are collected on tiles, twigs, or other 

objects and allowed to grow to a few centimeters in length. 

These seed oysters are then distributed over a managed bed, 

where they grow until harvested. In a natural oyster reef, the 

average life span is uncertain. Certainly some live longer 

than 10 years. Small scallops of the genus Argopecten have a 

life span of only 1 to 2 years, but the deep-sea scallops (Pla- 

copecten) are about 10 years old when they reach their maxi- 

mum size of 15 cm. 

DIVERSITY OF BIVALVIA 
ProtobranchiasC: Chiefly isomyarian deposit feeders with 

large labial palps and palpal tentacles. 

Nuculoida0 (Paleotaxodonta): Nut clams. Equivalve shells 

with a row of short, similar teeth (taxodont) along the 

hinge. Nuculidae (Nucula), Nuculanidae (Nuculana, Yoldia), 

Malletiidae (Malletia). 

Soiemyoida0 (Cryptodonta): Valves thin, equivalve, elon- 

gate. Periostracum extends well beyond the edges of the 

valves and is responsible for the common name, awning 

clam. No hinge teeth. Solemyidae (awning clams; Solemya). 

MetabranchiasC: Gills adapted for filter feeding (unless 

secondarily modified). 

Filibranchia50: Suspension-feeding bivalves with filibranch 

gills. 

Trigonioida0: Small taxon with five species in a single 

genus, Trigonia (formerly Neotrigonia), in Trigoniidae. Valves 

triangular. Hinge teeth strong, consisting of one long, 

grooved tooth anterior and one posterior to the beak. 

Pteriomorpha0: Large taxon of epibenthic bivalves attached 

by byssus or cementation. Mantle margins not fused. Mytili- 

dae (marine mussels; Bathymodiolus, Brachidontes, Geukensia, 

Lithophaga, Modiolus, Mytilus), Arcidae (arks; Anadara, Area, 

Barbatia, Glycymeris, Noetia), Pectinidae (scallops; Aequipecten, 

Argopecten, Chlamys, Pecten, Placopecten), Ostreidae (oysters; 

Crassostrea, Lopha, Ostrea), Anomiidae (jingles; Anomia), Pin- 

nidae (pen clams; Pinna, Atrina), Pteriidae (winged oysters; 

Isognomon, Malleus, Pinctada, Pteria), Limidae (file clams; 

Lima). 

Eulameliibranchia50: Most bivalves belong to this taxon. 

Derived, efficient eulamellibranch gills. 

Unionida0 (Palaeoheterodonta): Important freshwater 

bivalves. Shells are equivalve, have few hinge teeth. A nacre- 

ous layer covers the interior of the shell and the siphons 

are usually poorly developed. Unionidae (pearly mussels; 

Anodonta, Elliptio, Lampsilis, Unio), Margaritiferidae 

(freshwater pearl mussels; Cumberlandia, Margaritifera), 

Mutelidae (African; Mutela), Etheriidae (freshwater 

oysters), and Hydriidae (Australasian; Hydridella, Velesunio). 

Veneroida0 (Heterodonta, in part): Shell usually is equi- 

valve and lacks a nacreous layer. Most are burrowers with 

siphons. Lasaeidae (mosfiy commensals; Entovalva, Kellia, 

Lasaea, Lepton, Montacuta), Chamidae (jewel boxes; Chama), 

Cardiidae (cockles; Cardium, Dinocardium, Laevicardium, Tra- 

chycardium), Tridacnidae (giant clams; Hippopus, Tridacna), 

Mactridae (surf clams; Mactra, Spisula), Solenidae (razor 

clams; Ensis, Siliqua, Solen), Tellinidae (deposit-feeding 

tellins; Macoma, Strigella, Tellina), Semelidae (Abra, Scrobicu- 

laria, Semele), Vescomyidae (Calyptogena), Donacidae (co- 

quinas; Donax), Solecurtidae (razor clams; Solecurtus, Tagelus), 

Sphaeriidae (Pisidiidae; freshwater fingernail clams; Eupera, 

Pisidium, Sphaerium), Dreissenidae (freshwater and estuarine 

clams, including the zebra mussel, Dreissena), Veneridae 

(Venus clams; Callista, Chione, Dosinia, Gemma, Macrocallista, 

Mercenaria, Venus), Petricolidae (rock borers; Petricola), and 

Corbiculidae (includes the Asian clam, Corbicula). 

Lucinoida0 (Heterodonta, in part): Specialized bivalves 

similar to veneroids. Inhalant siphon lost, foot used to con- 

struct a substitute siphon of mucus. Anterior adductor 
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muscle scar has a distinctive fingerlike ventral extension 

lying beside pallial line. Hinge has two cardinal teeth. 

Pallial sinus absent. Valves circular or oval. Lucinidae 

(lucines; Codakia, Divarecella, Linga, Lucina, Myrted). 

Myoida0 (Heterodonta, in part): Most are thin-shelled 

borers with well-developed siphons. Hinge with one or two 

cardinal teeth but no laterals. Mantle margins fused and 

shell has no nacreous layer. Myidae (soft-shelled clams; 

Cryptomya, Mya, Paramya), Corbulidae (Corbula), Hiatellidae 

(geoducks; Hyatella, Panopea), Gastrochaenidae (rock borers; 

Gastrochaena), Pholadidae (piddocks, angel wings, Martesia, 

borers in rock, clay, wood, mud; Bamea, Chaceia, Cyrtopleura, 

Penitella, Pholas, Xylophaga, Zirphaea), Teredinidae (ship- 

worms; Bankia, Teredo). 

Anomalodesmata0: Small group with no hinge teeth. 

Adductor muscles are isomyarian. Shell has a nacreous layer. 

Pandoridae (Pandora), Lyonsiidae (Lyonsia), Pholadomyidae 

(Pholadomya ). 

Septibranchia0: Carnivorous with septate gills and enlarged 

inhalant siphon. Poromyidae (Cuspidaria, Poromya). 

PHYLOGENY OF BIVALVIA 
Bivalves and scaphopods are thought to have arisen from 

rostroconch ancestors, which themselves were descended from 

laterally compressed monoplacophorans. Rostroconchs are an 

extinct class of molluscs that, like bivalves, were enclosed within 

two shell lobes, but there was no flexible dorsal hinge. The 

halves of the shell were continuous with each other across the 

dorsal surface. In many species the ventral shell margins 

touched except for an anterior gape for the foot, and commonly 

there was a tubular, rostrumlike posterior extension of the shell 

through which circulating water'may have passed. 

Bivalves presumably arose with the loss of the radula and 

the division of the univalve rostroconch shell into right and 

left valves. This was accomplished through the loss of the 

calcareous layers of the shell along the dorsal midline. The 

periostracum on the midline, however, was retained as a flexi- 

ble hinge connecting right and left valves. Bivalves retained 

one pair of gills. 

The most primitive known bivalve is Pojetaia, from the Lower 

Cambrian of Australia. This clam is similar to the presumed 
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FIGURE 12-122 A phylogeny of Bivalvia based on 42 morphological 
characters. 1, Bivalvia: shell is divided into two valves; radula is lost' one 
pair of gills. 2, Protobranchia: gills are oriented diagonally; an adoral 
sense organ is present. 3, Solemyoida: ligament is external and posterior 
to the umbos (opisthodetic); abfrontal cilia are absent; anterior 
adductor muscle is larger. 4, Nuculoida: palps are large; palp 
appendages are present. 5, Metabranchia: gills are filibranch and 
adapted for filter feeding; water intake to mantle cavity is posterior. 
6, Fiiibranchia: abdominal sense organ, byssus in larva and adult. 
7, Trigonioida: two pairs or less of dorsoventral muscles; ligament is 

opisthodetic and external. 8, Pteriomorpha: posterior adductor muscles 
enlarged, anteriors reduced. 9, Eulamellibranchia: gill filaments fused to 
form solid lamellae. 10, Unionida: ligament is internal. 11, Veneroida: 
ligament is both internal and external. 12, Lucinoida: inhalant flow is 
anteroventral. 13, N.N.: mantle fusion is greater than 50%. 14, Myoida: 
chondrophore is present. 15, N.N.: lithodesma is present; ligament is 
reduced; hermaphroditic. 16, Anomalodesmata: posterior adductor 
muscle larger than the anteriors. 17, Septibranchia: gills are replaced 
by a horizontal septum. (Based on Salvini-Plaiuen and Steiner, 1996, and 
Ax, 2000) 
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ancestral bivalve and is the oldest known protobranch (palaeo- 

taxodont). Of the living bivalves, the protobranch Nucula is 

probably most like the stem bivalve. Another Lower Cambrian 

bivalve, Fordilla, is the oldest known pteriomorph (mytiloid). 

A recent cladistic analysis (Fig. 12-122), based on 42 morpho- 

logical characteristics, reveals Bivalvia to consist of two mono- 

phyletic sister taxa, Protobranchia and Metabranchia. Although 

Protobranchia is a morphologically recognizable taxon, there 

are not many synapomorphies to unite its members. The gills 

are oriented obliquely and an adoral sense organ is present. Ple- 

siomorphies include the broad ventral sole, a respiratory current 

that enters anteriorly, gills with abfrontal cilia, and a protostyle. 

The Metabranchia, however, undergo extensive modification of 

the gills for filter feeding, resulting in a broad suite of associated 

apomorphies. 

The two basic types of filter-feeding gills are present in 

the two sister taxa of Metabranchia, which are Filibranchia and 

Eulamellibranchia. In Filibranchia the gill filaments are 

independent of each other, whereas in Eulamellibranchia the 

filaments are joined to form solid, but ostiate, lamellae. 

Eulamellibranchia includes several taxa (Unionida, Veneroida, 

Lucinouia, Myoida, Anomalodesmata, and Septibranchia). 

Anomalodesmata and Septibranchia clearly are sister taxa, 

but the relationships between Unionida, Veneroida, Lucinoida, 

and Myoida currently are not understood and require further 

study. ^ ^ 

The new cladistic classification coincides rather closely with 

an older, widely used Linnean classification in which the above 

taxa are arranged in a series of subclasses. These subclasses 

are Protobranchia (composition as above), Pteriomorpha 

(as above), Palaeoheterodonta (Unionida and Trigonioida), 

Heterodonta (Veneroida, Lucinoida, and Myoida), and Anom- 

alodesmata sensu lato (Anomalodesmata sensu stricto and Septi- 

branchia) . 

The new classification also corresponds reasonably well 

with the organization of bivalves into groups. Protobranchia is 

a natural unity coinciding with the protobranch grade. The 

lamellibranch grade, on the other hand, is not monophyletic, 

for it consists of most, but not all, of the Metabranchia. 

Septibranchia is a highly derived monophyletic taxon in 

Metabranchia that corresponds one to one with the septi- 

branch grade. 

SCAPHOPODAc  
Scaphopoda contains about 500 described extant species of 

burrowing, exclusively marine molluscs popularly known as 

tusk, or tooth, molluscs because of their shape (Fig. 12-123). 

They are the most recent molluscan higher taxon to appear 

in the fossil record and are highly derived. They probably are 

most closely related to the bivalves, although they bear little 

superficial resemblance to them. Scaphopods inhabit a tubu- 

lar shell with an opening at each end and have a radula but 

lack gills. Like bivalves, they are bilaterally symmetrical and 

have a foot adapted for digging. Scaphopods live buried in 

sand, head downward and with the body steeply inclined. The 

small, posterior aperture usually projects slightly above the 

surface, but sometimes the animal may be completely buried 

to up to 30 cm deep in the sediment. The majority of 

scaphopods are microcarnivores that burrow in sand at depths 

greater than 6 m and up to 7000 m. Although relatively com- 

mon, they are not often encountered in shallow water, 

although at least one species occurs in the low intertidal. 

Empty shells often wash ashore on some coasts. 

FORM 
The scaphopod body is gready elongate along the anterior- 

posterior axis (Fig. 12-124) and, like that of other molluscs, con- 

sists of a head, foot, and visceral mass. The head and foot are 

anterior and can be projected from the larger anterior aperture 

of the shell. 

PHYLOGENETIC HIERARCHY OF BIVALVIA 
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FIGURE 12-123 Scaphopoda. A, Shell of Cadulus, a gadilidan 
scaphopod. B, Shell of Dentalium, a dentaliidan scaphopod. C, Veliger 
larva. (A and B, After Abbott, R. T. 1954. American Sea Shells. Van Nostrand 

Co., Princeton, N.J.; C, After Lacaze-Dulhiers from Dawydoff.) 
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FIGURE 12-124 Sagittal section of a generalized scaphopod with its foot, head, and captacula retracted into 

the shell. The ganglia, captacula, nephridia, and digestive ceca are lateral to the midsagittal plane. (Redrawn and 

modified from Shimek, R. L, and Steiner] G. 1997, Scaphopoda. In Harrison, F W., and Kohn, A.J. (Eds). Microscopic 

Anatomy of Invertebrates. Vol. 68., Mollusca II. Wiley-Liss, New York. pp. 719- 781; and Reynolds, P. O. 2002. The 

Scaphopoda. Adv. Mar. Biol. 42:137-236.) 

The head is reduced to a short, mobile proboscis, which 

bears the mouth at its anterior end (Fig. 12-124). The visceral 

mass occupies the middle and posterior regions of the shell. 

The loot is ventral to the proboscis at the anterior end. In 

most scaphopods, it is conical and equipped with a central 

pedal hemocoel. Like the bivalve foot, it is adapted for 

burrowing. The pedal hemocoel is a hydrostatic skeleton used 

to extend the foot into the sand. Once penetration is 

achieved, lateral flanges expand at or near the tip of the foot 

to form a terminal anchor and one or two pairs of pedal 

retractor muscles pull the shell and body toward the anchored 

foot. The foot of the more derived gadilidan scaphopods is 

worm-shaped and has an expansible terminal disc. 

MANTLE AND MANTLE CAVITY 
In scaphopods the mantle has two large lateral folds (skirts) 

that extend the length of the body, as is also the case in bivalves. 

In scaphopods, however, the skirts reach to the ventral midline, 

where they fuse to form a tube that encloses the entire body, 

including a constricted, tubular mantle cavity extending the 

length of the body (Fig. 12-124). The mantle extends posteri- 

orly as an awning-like dorsolateral pavilion (also spelled 

pavilion) equipped with sensory receptors. The mantle cavity is 

open to the sea at both the anterior and posterior ends, but not 

ventrally. There are no gills and no osphradia. 

The respiratory current is generated by dense rows of cilia on 
a senes of 4 to 15 preanal ciliary ridges that encircle the mantle 

cavity just anterior to the anus. The current enters through the 

posterior aperture. Some of this flow continues anteriorly and 

exits the anterior aperture, but much, perhaps most, of it 

reverses direction and is ejected from the posterior aperture by 

periodic retraction of the foot. This vigorous activity also ejects 

feces, gametes, and rejected food or mineral particles from the 

mantle cavity. The preanal ridges are heavily vascularized and 

may be the primary gas exchange surfaces. It has been suggested 

that they are homologous to gills but, appealing as it is, there is 

no support for this hypothesis. The general mantle surface is 

probably a gas exchange surface also. 

SHELL 
The common names of tusk mollusc and tooth mollusc are 

derived fiom the shape of the shell, which is an elongate 

cylindrical tube usually shaped like an elephant’s tusk (Fig. 

12-123B) or a canine tooth (Fig. 12-123 A). Both ends of the 

tube are open via anterior and posterior apertures, with the 

anterior aperture being larger. Scaphopod shells average 3 to 6 

cm in length, but Cadulus may on, found off the Florida coast, is 

less than 4 mm in length and the Japanese species Dentalium 

vemedei reaches a length of 15 cm. A fossil species of Dentalium, 

however, has a shell 30 cm long with a maximum diameter of 

well over 3 cm. The shells of most scaphopods are white or 

yellowish, but one East Indian species of Dentalium is a brilliant 

jade green and others are pink or tan. Some scaphopod shells 

are slightly curved toward the anterior (slightly exogastric) so 

that the concave edge of the shell is dorsal (Fig. 12-123B). 

The mantle epithelium secretes the shell. An increase in 

length is accomplished by the anterior mantle margin and 

growth occurs at the anterior end. Increasing thickness is due 

to secretion by the general mantle surface. There are two to 

four calcareous (aragonite) layers with an outer proteinaceous 

penostracum sometimes present. As the animal grows, the 

posterior aperture must be enlarged to accommodate the 

i equired increase in the volume of the respiratory current and 

the need to remove a greater volume of wastes and gametes. 

The progressive removal of the posterior apex of the shell as 

the shell grows in the opposite direction accomplishes this. 
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NUTRITION 
Scaphopods are selective microcarnivores that feed on micro- 

scopic organisms, especially foraminiferans, but also juvenile 

bivalves, kinorhynchs, and other small animals, in the surround- 

ing sand and water. Some are selective detritivores. 

Food items are selected and transported to the mouth by 

the captacula, which are unique to scaphopods. These are 

threadlike, ciliated, muscular tentacles borne in large numbers 

on a pair of lobes above and beside the proboscis (Fig. 12-124), 

Captacula are expendable and replaced when lost. 

Each captaculum consists of a slender stalk with a bulb at its 

tip. The bulb bears a secretory and presumably sensory pit on 

one surface. Stalk, bulb, and pit are ciliated, and the stalk is 

extended into the sediment or water by the activity of these cilia. 

The pit is brought into contact with potential food items and 

apparently determines the suitability of the object as food, 

although sensory receptors have not been found. The selected 

food particle adheres to the bulb with adhesive secretions from 

the pit. Contractions of muscles within the stalk bring the parti- 

cle back to the mantle cavity. Alternatively, particles may be trans- 

ported, to the mantle cavity by ciliary tracts on the stalk. Some 

species of Dentalium are deposit feeders that collect fine particles 

by means of a ciliated tract on the captacular stalk. The particles 

accumulate in the mantle cavity, where further sorting occurs 

prior to ingestion. Probing and pushing actions of the foot exca- 

vate a feeding cavity in the sediment, and in SOme scaphopods 

particles may be transported to the mantle cavity by the foot, but 

the primary feeding responsibility lies with the captacula. 

The gut extends from the anterior mouth to the anus 

located on the ventral midline at approximately the middle of 

the body (Fig. 12-124). The mouth is located at the tip of the 

tubular or conical proboscis (buccal tube), which bears lips 

and buccal pouches that assist in sorting potential food parti- 

cles. The mouth opens into the buccal cavity, which contains a 

median, presumably chitinous, jaw on its dorsal wall, a well- 

developed radula with large, flattened median teeth, and a 

sensory subradular organ. Neither the radula nor the subradu- 

lar organ is eversible. The radula is located in a radular sac 

and supported by an odontophore. The morphology of the 

sac is similar to that of gastropods but, relative to body size, 

the scaphopod radula is the largest of any mollusc. It is not 

used for scraping, and instead may grind against the jaw to 

crush food particles and/or move them into the esophagus. 

Ciliary tracts in the esophagus move food to the stomach. 

One or two secretory and absorptive digestive ceca (midgut 

glands) open from the stomach and occupy much of the middle 

region of the body. Extracellular digestion begins in the stom- 

ach, using enzymes secreted by the ceca, and is completed in the 

ceca. Absorption and intracellular digestion also occur in 

the ceca. Waste materials are moved by cilia from the stomach 

through the intestine and to the anus. The intestine exits the 

stomach anteriorly, and consequently the gut is U-shaped (Fig. 

12-124). The anus opens near the middle of the mantle cavity. 

INTERNAL TRANSPORT 
The hemal system, which is highly derived in scaphopods, is 

reduced to a series of blood sinuses. One of these, the 

perianal sinus, associated with a pericardium, is the chief 

pumping organ and may be homologous to the ventricle of 

other molluscs. The perianal sinus is located near the middle 

of the body in the vicinity of the anus. Since there are no gills, 

there are no atria. A pair of small slits of unknown function 

opens from the hemocoel into the mantle cavity. 

EXCRETION 
Podocytes are present in the pericardium (which is associated 

with the perianal sinus), and probably are responsible for 

producing the primary urine. A pair of nephridia presumably 

connects with the pericardial cavity via renopericardial ducts, but 

these have not been convincingly demonstrated. The primary 

urine is probably modified by selective secretion and absorption 

as it passes through the kidneys, and the final urine is released 

into the mantle cavity by the nephridiopores near the anus. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The nervous system exhibits the typical tetraneurous con- 

chiferan plan, including a nerve ring around the anterior gut 

and paired pedal and visceral nerves. Paired cerebral ganglia 

are located at the base of the proboscis dorsal to the gut (Fig. 

12-124). Pedal, visceral, pleural, and buccal ganglia are also 

present and linked by commissures and connectives in typical 

molluscan fashion. 

There are no eyes, sensory tentacles, or osphradia. The 

subradular organ is chemosensory (gustatory) and evaluates 

food while it is being processed by the radula, before it is 

committed to the esophagus. A pair of statocysts beside the 

pedal ganglion detects spatial orientation. The mantle 

margins associated with the anterior and posterior apertures 

are equipped with sensory receptors. The captacula are well 

supplied with nerves and presumed to have a sensory 

function. Each captacular bulb is equipped with a ganglion, 

but sensory receptors have not been identified. 

REPRODUCTION AND DEVELOPMENT 
Scaphopods are gonochoric. The unpaired gonad fills most of 

the posterior part of the body (Fig. 12-124). Gametes are 

discharged into the right nephridium, through which they 

reach the mantle cavity. Spawning has been observed only 

rarely and never in nature. In the laboratory, eggs are 

extruded in gelatinous strings. Fertilization is external, pre- 

sumably in the mantle cavity. 

Scaphopod development is much like that of the marine 

bivalves. Cleavage is unequal and follows the typical molluscan 

spiral pattern to produce a coeloblastula that gastrulates by 

invagination. There is a free-swimming lecithotrophic tro- 

chophore larva, succeeded by a bilaterally symmetrical, 

shelled veliger (Fig. 12-123C). The larval mantle and shell 

begin as an unpaired dorsal shell gland that grows laterally. It 

becomes bilobed as a pair of lateral evaginations form and 

extend ventrally. The two mantle lobes, and then the shell 

lobes they secrete, fuse along their ventral margins to form the 

tubular mantle cavity and shell, which has anterior and 

posterior apertures. 
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FIGURE 12-125 A phylogeny of Mollusca. 1, Mollusca: dorsal mantle 
has secreted chitin-protein cuticle and calcareous spicules; radula; foot 

and paired pedal retractor muscles; bipectinate gills; tetraneural 

nervous system. 2, Aplacophora: cylindrical vermiform body; foot 

reduced or lost; mantle with cuticle and calcareous spicules; 

dorsoterminal sense organ; gonads open into pericardial coelom. 
3, Neomeniomorpha: gills lost; reduced foot is present; hermaphroditic. 

4, Chaetodermomorpha: foot lost; oral shield is present; gills are 

present; gonochoric. 5, Eumollusca: gut with digestive ceca; gut 

coiled, complex radular musculature; odontophore with chondroid 

supports. 6, Polyplacophora: eight dorsal, overlapping valves; valves 

consist of tegmentum and articulamentum; tegmentum with esthetes. 
7, Conchifera: one-piece shell with periostracum and calcareous layers; 

mantle margins with three folds; crystalline style; mantle spicules lost- 

eight pairs of dorsoventral pedal retractor muscles; subrectal 

commissure. 8, Monoplacophora: monopectinate gills; multiple pairs of 
gills, atria, nephridiopores, and gonoducts; connections between 

nephridia and pericardial cavity lost. 9, Ganglioneura: neuron cell 

bodies concentrated in paired ganglia; a single pair of foot retractor 

muscles. 10, Rhacopoda: posterior mantle cavity (anterior after torsion)- 

extensible head; tall, conical shell. 11, Gastropoda: torted; usually 

coiled, asymmetrical; mantle cavity is anterior; streptoneurous nervous 

system; operculum is present; left gonad lost. 12, Cephalopoda: pelagic; 

chambered shell; hydrostatic organ; carnivorous with beaks and 

tentacles for prey capture; extreme concentration and cephalizaticn of 

nervous system; camera-style eyes; mantle cavity is muscular for 

ventilation and swimming; crystalline style lost; macrolecithai eggs with 

discoid cleavage. 13, Ancyropoda: mantle, gills, and mantle cavity 

developed laterally; bivalve shells open anteriorly and posteriorly and 

are not conical; valves are rigidly joined dorsally and free ventrally; foot 

is adapted for digging. 14, Scaphopoda: bivalve shell with valves fused 

dorsally and ventrally to form a one-piece, tubular, conical shell open at 

both ends and without a hinge; proboscis and captacula; gills lost- 

water enters mantle cavity posteriorly. 15, Bivalvia: bivalve shell with 

right and left valves joined dorsally at a movable hinge and free 

ventrally; adductor muscles; radula lost. (Based on Nielsen, C. 2001. 

Animal Evolution. 2nd Ed. Oxford University, Press. 563 pp; Ax, 2000; and 

Gotting, K. J. 1996. Mollusca. In Westheide, W., and Rieger, R. M. (Eds.): 

Spezielle Zoologie. Erster Tiel: Einzellen and Wirbellose Tiere. Gustav Fischer 

Verlag Stuttgart, pp. 276-336.) 

DIVERSITY OF SCAPHOPODA 
Dentalnda0: Shell is tusk shaped (Fig. 12-123B), reaching 

its maximum diameter at the anterior aperture. Foot is coni- 

cal. Two digestive ceca. Anulidentalium, Dentalium, Ebisiphon 

rustiaria. 

Gadilida0: Shell usually resembles a canine tooth, with its 

greatest diameter posterior to the anterior aperture (Fig. 

12-123A), although some are tusklike. Foot is vermiform 
and capable of distal expansion to form a terminal disc 

Only one digestive cecum. Cadulus, Costentalina, Entalina, 
Gaaila, Polyschides, Pulsellum, Solenoxiphus. 

PHYLOGENY OF SCAPHOPODA 
Scaphopods are the most recent molluscan class to evolve, 
and their evolutionary relationships are still unresolved.' 

They usually are considered to be the sister taxon of the 

bivalves (Fig. 12-125), although relationships with the gas- 

tropods and cephalopods have also been suggested. 

Scaphopods share many features with the bivalves, and like 
them may have evolved from rostroconchs. Many rostro- 

conchs had shells in which the ventral margins were in 

contact. If they fused, the shell would have become tubular 
with a posterior aperture (rostral) and an anterior aperture 
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(pedal). The reduction of the head, the burrowing habit 

with a digging foot, the symmetrical veliger, and the embry- 

onic bilobed mantle and shell are strikingly similar to 

bivalves. The absence of gills is unlike bivalves, however, and 

the presence of a radula argues against a bivalvelike ances- 

tor. It is most likely that scaphopods and bivalves arose from 

a common ancestor with a radula and gills and that the gills 

were secondarily lost in the scaphopods, whereas the radula 

was lost in the bivalves. 

PHYLOGENY OF MOLLUSCA  

MOLLUSCAN GROUND PLAN 
The first molluscs with calcareous shells appear in the fossil 

record during the so-called Cambrian Explosion, when fossils 

of multicellular animals first appear. Presumably they were 

preceded by shell-less Upper Precambrian species that left no 

records These ancestral molluscs would have shared a com- 

mon ground plan from which the body plans of the seven 

extant molluscan higher taxa are derived. As always, the 

ground plan consists of plesiomorphic characters inherited 

from ancestors that were not molluscs and apomorphic char- 

acters that are unique to molluscs. 

The ancestral mollusc was probably a soft-bodied, benthic 

marine animal with a planktonic larva. It and its descen- 

dants shared a group of apomorphies unique to Mollusca. 

These characteristics, except when secondarily lost, are pres- 

ent in all extant molluscan higher-level taxa. These include 

the mantle, which secretes a mucopolysaccharide cuticle 

and calcareous spicules. The mantle invaginates, or folds, 

peripherally to enclose a mantle cavity continuous with the 

sea. Gas exchange occurs on paired, ciliated, bipectinate 

gills in the mantle cavity that are ventilated by a ciliary cur- 

rent. A creeping, ciliated foot occupies the ventral surface 

and can be withdrawn by pedal retractor muscles attached 

to the mantle and cuticle. Ventrally, the anterior head is sep- 

arated from the foot by a transverse groove. A radula is used 

for microphagous browsing or feeding on detritus. A pair of 

sensory osphradia monitor the water entering the mantle 

cavity. The nervous system consists of a pair of cerebral gan- 

glia and is tetraneurous. There is some (hotly debated) evi- 

dence that the ancestor may have been metameric, with 

eight segments. 

The stem mollusc also possesses a suite of plesiomor- 

phies inherited from its non-molluscan ancestors. It is a 

protostome bilaterian with a reduced coelom, which retains 

its roles as pericardium, kidney, and gonad but does not 

function as a hydrostatic skeleton. The hemal system is 

open and consists of a heart, arteries, and hemocoelic 

sinuses. It is probably gonochoric, gametes were free- 

spawned into the sea, and fertilization was external. Eggs 

are microlecithal and cleavage is holoblastic and spiral. The 

hatching stage of the ancestor is probably a planktonic tro- 

chophore larva, or a later stage derived from a trochophore. 

Mesoderm arose from 4d mesentoblast cells and coelom 

formation was by schizocoely within a mass of cells derived 

from the mesentoblast. 

ORIGIN OF MOLLUSCA 
Molluscs share a number of features with annelids, sipunculans, 

and echiurans and are generally thought, by both morphologists 

and molecular systematists, to share a common ancestor with 

them in the taxon Trochozoa. Molluscs and other coelomate 

trochozoans have coelomic spaces associated with the heart. The 

gonads release gametes into the coelom, and the hemal system 

ultrafilters a primary urine into it. Podocytes are involved in the 

formation of the ultrafiltrate. Coelomoducts (metanephridia) 

transport the gametes and urine to the exterior. The tro- 

chophore larvae of the taxa are similar. Cleavage is spiral, and 

the 4d cells produce mesentoblasts from which arise lateral 

mesodermal bands. Schizocoely produces a coelomic cavity 

within these bands. Nucleotide sequences of 18S rRNA support 

a close relationship between molluscs and trochozoans. 

The presence of a flat, ciliated foot, a ciliary gliding mode of 

locomotion, and similarities with Aplacophora have suggested to 

some zoologists that the molluscs arose from turbellarian- 

like ancestors. If this hypothesis is true, then the gonocoel- 

pericardial cavity-metanephridial system of molluscs is conver- 

gent, not homologous, with that of the eucoelomate annelids. 

There are indications that Trochozoa, including molluscs, 

arose from a segmented ancestor. Chitons have eight shell valves 

with eight pairs of pedal retractor muscles. Monoplacophorans 

have multiple pairs of many organs and structures, including 

three to seven pairs of nephridiopores, one to three pairs of 

gonoducts, three to six pairs of gills, two pairs of atria, and eight 

pairs of pedal retractor muscles. Furthermore, some fossil 

bivalves have eight pairs of pedal retractor muscles, as do some 

modem mussels. The cephalopod Nautilus has two pairs of atria, 

two pairs of gills, and two pairs of nephridia. Seven or eight 

transverse dorsal rows of spicules occur in larval aplacophorans, 

larval polyplacophorans, and adult polyplacophorans. Some 

zoologists believe the molluscs arose from ancestors in which the 

body, but not the coelom, consisted of eight segments. In these 

epibenthic ancestors there was never a segmented coelom to 

serve as a hydrostatic skeleton for burrowing, as there was in the 

annelids. The coelom of all molluscs is small and is never 

segmented. Those molluscs that burrow use the hemocoel, not 

the coelom, as a hydrostatic skeleton. According to this hypothe- 

sis, the ancestral trochozoan was segmented, making segmenta- 

tion an autapomorphy of coelomate Trochozoa. The ancestral 

segmentation was retained by annelids but lost by molluscs, 

echiurans, and sipunculans. 

Other invertebrate zoologists believe that the lack of 

agreement in the number of pairs of these organs, the 

complete lack of segmentation of the coelom, and the lack 

of consistent segmentation in the taxon argue against a 

segmented ancestry for Trochozoa and Mollusca. In this 

hypothesis, the ancestral trochozoan was nonsegmented and 

molluscs retained the plesiomorphous nonsegmented condi- 

tion. Annelids, echiurans, and sipunculans, having diverged 

after the evolution of segmentation, form a monophyletic 

taxon united by the synapomorphy of segmentation. 

EVOLUTION WITHIN MOLLUSCA 
Aplacophorans were probably an early offshoot of the ancestral 

molluscs (as exemplified by the molluscan ground plan), and 

they retained the shell-less condition (Fig. 12-125). The absence 
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of a shell is probably primary. The aplacophorans kept the 

calcareous spicules of the ground plan but lost or reduced the 

foot and developed a vermiform body. Some lost the radula and 

most lost the gills. Aplacophora is the sister taxon of Eumollusca 

(Polyplacophora + Conchifera) and its closest living relatives 

are the Polyplacophora. Both taxa have a cuticle, spicules, and 

suprarectal commissures. 

Within Eumollusca, Polyplacophora develop a shell divided 

into eight dorsal valves whereas Monoplacophora have an 

undivided shell. Both have eight pairs of dorsoventral pedal 

retractor muscles. There is no evidence that monopla- 

cophorans evolved from polyplacophorans by losing seven 

valves or that polyplacophorans evolved from monopla- 

cophorans by shell division. The alternative, then, is that both 

Polyplacophora and Monoplacophora arose from a shell-less 
common ancestor and each independently invented a solid 

shell plate secreted by the mantle epithelium. This epithelium 

was already equipped for secreting calcium carbonate spicules 

and it is not unreasonable to suppose that the ability to secrete 

a solid calcareous shell arose independently in these two lines. 

One line terminated with Polyplacophora, but the other line 

led to Conchifera and all the remaining molluscs. 

Conchifera (including Monoplacophora, Gastropoda, 

Cephalopoda, Scaphopoda, and Bivalvia) is a monophyletic 
taxon that arose from monoplacophoran ancestors or from 

ancestors close to monoplacophorans. Conchifera is the sister 

taxon of Polyplacophora. The generalized mollusc described 

early in this chapter is similar to what we imagine the com- 
mon ancestor of the Conchifera to be. All have a single shell, 

but in most the multiple retractor muscles are lost. The shell 

is composed of three layers. There is a crystalline style, and 

the mantle margins have three folds. The gastropods and 

cephalopods shared an ancestor with a high, conical shell like 
that still seen in most gastropods (although coiled) and in 

primitive cephalopods. The ancestral mantle cavity and gills 

were posterior. The gastropod ancestor underwent torsion 

and developed a coiled, asymmetric shell and anterior mantle 

cavity. The cephalopods developed into pelagic raptors with 

efficient and effective neuromuscular systems. 

PHYLOGENETIC HIERARCHY 

OF MOLLUSCA 

Mollusca 

Aplacophora 

Neomeniomorpha 
(ihaetodermomorpha 

Eumollusca 

Polyplacophora 

Conchifera 

Monoplacophora 

Ganglioneura 

Rhacopoda 

Gastropoda 

Cephalopoda 

Ancyropoda 

Scaphopoda 

Bivalvia 

The common ancestor of bivalves and scaphopods had a sin- 

gle shell that was open along its anterior, ventral, and posterior 

margins but closed dorsally, even if only by its periostracum. 

The mantle cavity of the ancestor was lateral, as were its gills. In 

the bivalves the calcareous parts of the shell lost their dorsal 

continuity and the shell divided into two lateral valves held 

together dorsally by a strip of periostracum known as the hinge. 

Ventrally, the shell remained open. The radula was lost. In 

scaphopods the calcareous shell remained intact dorsally and its 

ventral margins fused together along the midline to form a con- 

ical tube open anteriorly and posteriorly. The gills were lost. 
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414 Chapter 13 Annelida1’ 

El 
sk anyone to imagine a worm and most likely it will be an 

earthworm, the familiar annelid of garden soils, compost 

heaps, fishhooks, and sidewalks after rain. But Annelida 

(= ringed) also includes the leeches as well as myriad marine 

worms, many of breathtaking beauty and fascinating functional 

design. Annelids are familiar because they are common and 

occupy the large-worm niche in marine, freshwater, and terres- 

trial habitats. The largest annelids, such as the giant earth- 

worms of Australia, reach 3 m in length, whereas the smallest 

are microscopic animals. With approximately 12,000 species, 

Annelida is the most diverse taxon of large-bodied worms, and 

this diversity' evolved in conjunction with segmentation, the 

construction of a body from a series of modular sections. 

Annelid diversity manifests itself in many ways, but none is 

more obvious than the manner in which annelids feed. Virtu- 

ally all feeding modes—suspension feeding, deposit feeding, 

scavenging, herbivory, carnivory—are represented in annelids. 

A few annelids are important to humans as an indirect source 

of food, including earthworms (and marine relatives) used as 

fish bait, to till soil, and to convert organic matter to compost, 

thus improving soil fertility. Medicinal leeches are used today 

to promote the healing of tissue grafts and reattached fingers 

and other appendages. 

FORM AND FUNCTION 

SEGMENTATION 
Fi om anterioi to posterior, the annelid body is composed of 

three regions: prostomium, trunk, and pygidium. The elongate 

trunk consists of a longitudinal series of similar body units, 

the segments, which are separated from each other externally 

by a shallow constriction (Fig. 13-1, 13-2). The annelids are 

named for the body annulations that result from the ringlike 

segments. At the anterior end of the trunk is the prostomium, 
which contains the brain and bears the sense organs. The 

pygidium forms the posterior end of the body and includes the 

anus. The segments lie between the prostomium and pygidium 

like railroad cars between engine and caboose. The first seg- 

ment, called the peristomium, lies immediately behind the 

prostomium and ventrally surrounds the mouth. 

The prostomium and pygidium, though segmentlike in 

appearance, are not considered to be segments because they 

do not develop from the segmental growth zone. The growth 

zone itself is localized to a region immediately in front of the 

pygidium. The cells in this zone are paired ectodermal and 

mesodermal teloblast cells that divide and differentiate to 

form each new segment. Body growth, called teloblastic 

growth, results from the successive addition of segments poste- 

riorly. At any given time, the youngest body segment lies 

immediately in front of the pygidium, the oldest (peri- 

stomium) immediately behind the prostomium.1 

All internal structures are segmented, but some organs and 

tissues also span segments, integrating them into an individual 

worm (Fig. 13-2, 13-6). The chief integrating structures are 

the nervous system, hemal system, musculature, and digestive 

system. The remaining organs — appendages (when present), 

coelomic cavities, nephridia, and gonads — are segmental and 

thus repeated in each segment. 

BODY WALL 
Considei the annelid body wall: It consists of a fibrous col- 

lagenous cuticle, a glandular monolayered epidermis, a 

connective-tissue dermis (cutis) of varying thickness, and a 

FIGURE 13-1 Corresponding body regions 
of a trochophore larva and an adult annelid. 

(Modified and redrawn from Nielsen, C. 2001. 

Animal Evolution. Interrelationships of the Living 

Phyla. 2nd edition. Oxford University Press. 

Fig. 19.3.) 

Some / >olog,sts cons,der the penstomium. as well as the prostomium, to be a presegmental regton of the 
body. The penstommm of some polychaeles (certain species of Spionidae and Capitellidae), htwever 

t. rs chaetae or chaetae and parapodia, winch seem to indicate that the peristomium is a segment. 
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and anatomy based on Oligochaeta 
(After Kaestner, A. 1967. Invertebrate 

Zoology, Vol. 1. Interscience Publishers, 

New York.) 

musculature derived from the coelomic lining (Fig. 13- 

3A-D). The cuticular fibers, which usually are arranged in a 

crossed-helical pattern (Fig. 13-3E), toughen the body wall, 

resist bulges, and often impart an iridescent sheen to the 

bod^ A few of the tube-dwelling marine annelids (poly- 

chaetes) lack a cuticle, but their secreted tubes resemble the 

cuticle in structure and composition (Fig. 13-3F). Mucus- 

secreting gland cells are common in the epidermis. The 

secreted mucus consolidates the burrow lining and protects 

the surface of the body. 

Chaetae (KEE-tee) are chitinous bristles that project outward 

from the epidermis to provide traction and perform other tasks 

(Fig. 13-4). The simplest chaetae are unjointed, tapered bristles 

(capillary chaetae) in bilaterally paired bundles, one dorsolat- 

E 

F 

FIGURE 13-3 Annelid body wall 
(A-D), cuticle (E), and tubes (F) based on 
Polychaeta. A, Lanice conchilega; 

B, Spiochaetopterus typicus; C, Plakosyllis 

quadrioculata; D, Streblospio benedicti. 

E, Crossed helical collagen fibers in the 
cuticle of Arabella iricolor. F, Orthogonal 
collagen fibers in the tube of Chaetopterus 

variopedatus. (From. Storch, V. 1988. 

Integument. In Westheide, W., and Hermans, 

C. O. (Eds.): The Ultrastructure of Polychaete. 

Mikrofauna Marin. 4:13-36. F, From 

Gaill, F, and Hunt, F. 1988. Ibid. pp. 61-70.) 
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FIGURE 13-4 Annelid chaetae based on Polychaeta. A, Parapodium 
and chaetae of Glycera dibranchiata, a burrowing polychaete. 
B, Parapodium and chaetae of Diopatra cuprea, an errant tube 
dweller. C, Jointed chaeta from Typosyllis pulchra, a crawler in fouling 
communities. D, A hooded, hooked chaeta from the spionid Tripolydora 
spinosa, a sedentary tube-dwelling worm. (A and B, From Renaud,J. C. 

1956. A report on some poly chaetous annelids from the Miami-Bimini area. Am. 

Mus. Novit. 1812:1-40; C, Based on an SEM by A. E. Heacox; D, Drawn from 

an SEM in Blake, J. A., and Woodwick, K. H. 1981. The morphology of 

Tripolydora spinosa: An application of scanning electron microscopy to 

polychaete systematics. Proc. Biol. Soc. Wash. 94:352-364.) 

eral and one ventrolateral pair per segment, but many other 

types and arrangements occur in annelids. A chaeta arises from 

a pitlike epidermal follicle composed of follicle cells, which 

form the follicle wall, and a single chaetoblast cell at the base of 

the follicle (Fig. 13-5). The chaeta is secreted around long 

microvilli on the surface of the chaetoblast. The microvilli later 

withdraw, leaving a bundle of parallel, hollow canals in the com- 

pleted chaeta. The base of each chaeta remains in the follicle, 

but the shaft extends beyond it above the surface of the epider- 

mis. The chaetal base is anchored by hemidesmosomes to the 

follicle cells, which are linked to subepidermal muscles that 

move the chaeta. Chaetae are composed of (3-chitin, a form of 

chitin in which the polymerized, chainlike molecules are paral- 

lel and share the same polarity. (3-chitin typically is tough and 

flexible, but some annelids harden and stiffen their chaetae 

with sclerotized protein and inorganic materials such as calcium 

carbonate. 

Annelid bristles are called chaetae to distinguish them 

from the superficially similar setae (SEE-tee) of arthropods 

(crustaceans, insects, and relatives). Arthropod setae do not 

have a precise definition, but the term typically is applied to 

hair- or bristlelike sensory projections that pivot on a flexible 

joint with the exoskeleton. Deflection of the seta stimulates a 

sensory neuron attached to the setal base. The seta develops 

from an epidermal follicle composed of one or more tri- 

chogen cells, which secrete the seta, and one or more tormo- 
gen cells, which produce the pivot joint. The follicle also 

includes a sensory cell and its surrounding thecogen. Setae 

may be hollow or solid, but they lack the internal bundle of 

parallel canals associated with chaetae. They are composed of 

a-chitin —a form in which adjacent parallel molecules have 

opposite polarity. In contrast to the tough flexibility of 

(3-chitin, a-chitin is noted for being hard and stiff, properties 

that can be further enhanced by sclerotized protein (as in 

insects) or calcium carbonate (in many crustaceans). 

The obliquely striated musculature is arranged in outer 

ciiculai and inner longitudinal layers. The longitudinal 

fibers typically are grouped together to form distinct muscle 

bands. In different annelid taxa, the coelomic lining can be a 

mesothelium composed solely of epitheliomuscular cells of 
the body-wall musculature, or the musculature can be sepa- 

rated from the coelom by a peritoneum. 

NERVOUS SYSTEM 
The central nervous system of annelids consists of an ante- 

rior dorsal brain located in the prostomium and a ventral 

pair of longitudinal nerve cords (Fig. 13-6A). In its simplest 

form, the brain consists of a pair of dorsal suprapharyngeal 

ganglia. A pair of circumpharyngeal connectives joins the 

brain to a pair of ventral subpharyngeal ganglia in the peris- 

tomium, which in turn give rise to the nerve cords that 

extend the length of the body. In each segment, the nerve 

cords bear a pair of ganglia that are joined together by 

a transverse nerve (commissure). Because the paired nerve 

cords and their segmental commissures resemble the side- 

pieces and rungs of a ladder, the annelids are said to have 

a ladderlike nervous system (Fig. 13-6A). Each pair of trunk 

ganglia is essentially a segmental “brain” from which a bilat- 

eral pair of segmental nerves enters the body wall, arches 

dorsaliy, nearly or completely encircles the body, and inner- 

vates the body-wall musculature and sensory structures of 

that segment. 

The nervous system of a few annelids is intraepidermal, but 

in most, it is submerged in the connective tissue below the 

epidermis. 

The innervation pattern of annelid body muscles is similar 

to that of the arthropods (Chapter 16). In both taxa, one mus- 

cle fiber (a cell) is innervated by more than one neuron 
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FIGURE 13-5 Contrasting structure of an annelid chaeta and an arthropod seta. A, A chaeta in its chaetal 
follicle. The canals in the chaeta! shaft are remnants of withdrawn chaetoblast microvilli. B, A seta (bristle 
sensilium, a mechanoreceptor) from an insect. (A, Modified and redrawn from Bartolomaeus, T. 1995. Structure and 

function of the Uncini in Pectinaria koreni, Pectinaria auricoma (Terebellida) and Spirorbis spirorbis (Sabellida): 

Implications for annelid phylogeny and the position of Pogonophora. Zoomorphology 115:161 — 1 / 7; B, Modified and: redrawn 

from Keil, T. A. 1998. The structure of integumental microreceptors. In Harrison, F. W, and Locke, M. (Eds): Microscopic 

Anatomy of Invertebrates. Vol. 11B. Insecta. Wiley-Liss, New York, pp 385- 404.) 

(polyneuronal innervation), and the rate (speed) and force of 

fiber contraction depends on the summed effects of all the 

neurons, each of which alone elicits a different response from 

the fiber. The annelid-arthropod innervation pattern contrasts 

with that of the vertebrates, in which each group of muscle 

fibers (a motor unit) receives only one neuron and responds 

to it by contracting all or none of the fibers. Variations in the 

rate or force of contraction of a vertebrate muscle depend 

chiefly on recruitment of more or fewer motor units. 

Large-diameter giant axons occur in the longitudinal nerve 

cords of most annelids. As you might expect, the best defense 

for a soft-bodied worm is a rapid retreat, which is accomplished 

by a quick shortening of the body. The large diameter (and 

hence low resistance) of giant axons allows for rapid impulse 

conduction and thus shorter response times for the worm (Fig. 

13-15B,C). For example, the single giant fiber of the polychaete 

Myxicola (1.7 mm in diameter, the largest in the animal king- 

dom) can be fired at any level along the length of the body and 

conducts an impulse in both directions. The conduction velocity 

of the giant axon is 20 m/s, compared with about 0.5 m/s along 

an axon of average diameter. Branches from the giant axon run 

to the longitudinal muscles. The giant axons function only in 

the escape response and not in normal locomotion; if the giant 

axon is severed, locomotion is unaffected, but the escape 

response is blocked. 

The sensory structures of annelids are primarily unicellular 

receptors—photoreceptors, chemoreceptors, and mechano- 

receptors—and these are distributed on the head, appendages, 

and elsewhere on the body. The taxon Polychaeta also has a 

variety of sense organs, such as ocelli and eyes, statocysts, and 

chemosensory nuchal organs. Some leeches have eyes. In most 

cases, the sense organs occur on the prostomium, peristomium, 

and first few segments only, but in some polychaetes (such as 

Ophelia, Armandia, and others with ocelli), they also occur on 

trunk segments, as well as on the pygidium. 

COELOM AND HEMAL SYSTEM 
Each annelid segment houses a bilateral pair of coelomic cavities 

isolated from neighboring segments by transverse septa. The left 

and right coelomic cavities in each segment are separated from 

each other by longitudinal mesenteries, one dorsal and one ven- 

tral to the gut, in the midsagittal plane of the body (Fig. 13-6B). 

The placement of the septa coincides with the constrictions on 

the surface of the body. Each septum is composed of two layers 

of mesothelium, one from the segment in front and one from 

the segment behind, and a layer of connective tissue sandwiched 

between them (Fig. 13-2, 13-6B). A mesentery is structurally simi- 

lar to a septum, but formed by contact between the left and right 

coelomic cavities of one segment. 

Annelids that move by actively using appendages or whole- 

body peristalsis typically have well-developed septa that form 

more or less complete bulkheads between segments. Because 

the septa isolate the hydrostatic skeleton of each segment, the 

force of a segmental muscular contraction can be directed 

and applied solely to that segment, just as “segments” of your 

bony skeleton restrict the actions of particular muscles to fin- 

ger, forearm, or forelimb. On the other hand, the septa are 
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incomplete or reduced in semisessile annelids and those that 

move by other means, such as with cilia (small-bodied 

annelids), whipping movements, or eversion-retraction of the 

pharynx (some burrowers). 

The paired coelomic cavities of each segment are primitively 

lined by a ciliated mesothelium. The mesothelium on the body- 

wall side of the coelom is composed of modified epithe- 

liomuscular cells that form the body-wall muscles. Contractile 

mesothelial cells may also form a musculature on the septal faces 

(radial and circular muscles), around the blood vessels (circular 

muscles), and around the gut (predominandy circular muscles). 

The mesothelium may be specialized locally as chlorogogen 

cells, which form a yellow or brown layer of tissue around part of 

the gut wall and certain blood vessels (Fig. 13-6C, 13-61 A). This 

tissue plays a vital role in intermediate metabolism that is similar 

to that of the liver in vertebrates. Chlorogogen tissue is the chief 

center of glycogen and fat synthesis and storage. Storage and 

detoxification of toxins, hemoglobin synthesis, protein catabo- 

lism and formation of ammonia, and synthesis of urea also take 

place in these cells. 
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FIGURE 13-6 Annelid anatomy based on Polychaeta. A and B, Dorsal views. A, Body regions appendages and 
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The coelomic fluid, which is circulated by cilia*1 and the 

contraction of body-wall muscles, contains coelomocytes that 

function in internal defense and sometimes gas transport 

(hemoglobin-containing coelomocytes). The coelom, as 

already mentioned, is the fluid skeleton (hydrostat) against 

which the muscles act to change body shape. Contraction of 

the longitudinal muscles causes the body to widen, whereas 

contraction of circular muscles results in body elongation 

(Fig. 9-8). The forces generated enable annelids to penetrate 

and burrow through soils and sediments. 

The coelomic cavities provide for local segmental circula- 

tion, but a well-developed hemal system of blood vessels 

and hearts is responsible for transport throughout the body. 

Blood vessels tend to be reduced or absent in species 

with rudimentary or absent-#septa, however. In these, the 

coelomic fluid performs the task of whole-body transport. 

The blood vessels and sinuses are simple fluid channels in 

the connective-tissue compartment that lack a vertebrate- 

like endothelium. The principal vessels are the dorsal blood 

vessel in the dorsal mesentery and the ventral blood vessel 

in the ventral mesentery (Fig. 13-6C). Blood flows anteriorly 

in the dorsal vessel and posteriorly in the ventral vessel. In 

each segment, blood in the ventral vessel returns to the dor- 

sal vessel via a capillary network (plexus) in the body wall. 

Blood in the dorsal vessel reaches the ventral vessel by way 

of a capillary plexus, vessels, or sinuses around the wall of 

the gut. The major blood vessels, especially the dorsal vessel, 

are contractile and pump blood peristaltically. In some 

annelids the enlarged, anterior region of the dorsal vessel 

forms a muscular heart, whereas in the anterior end of many 

earthworms, a few of the dorsoventral gut vessels are special- 

ized as hearts. 

The common respiratory pigment of annelids, hemoglo- 

bin, can occur in coelomic fluid, blood, muscle, and nerve. 

Flemoglobin is packaged in coelomocytes in the coelom, but 

dissolved in the plasma of the blood. Annelid gas exchange 

occurs across the body wall, appendages, and gills. 

EXCRETORY SYSTEM 
Annelid excretory organs are segmental nephridia, either 

metanephridial systems or protonephridia. The inner ends of 

these nephridia (funnels or terminal cells, respectively) are 

often associated with the anterior face of each septum, from 

which they project into the coelomic fluid (Fig. 13-2, 13-6B). 

The nephridial tubule of each nephridium penetrates the 

septum and passes into the next posterior segment before 

opening to the exterior. In general, metanephridial systems 

occur in annelids that have a hemal system, some vessels of 

which bear podocyte-covered filtration sites, whereas pro- 

tonephridia are present in annelids that lack a hemal system 

(see discussion of excretory system in Chapter 9). 

DIGESTIVE SYSTEM 
The annelid digestive system is a more or less straight tube 

that extends between the mouth and the pygidial anus 

(Fig. 13-2). The gut passes through the septa and is sup- 

ported above and below by the mesenteries (Fig. 13-6C). 

The gut tube consists of an ectodermal foregut, an endo- 

dermal midgut (stomach, intestine), and an ectodermal 

hindgut or rectum. Frequently, the foregut is specialized 

into two regions, a muscular, often protrusible or eversible 

pharynx and a ciliated esophagus that links the pharynx to 

the midgut. 

REPRODUCTION AND DEVELOPMENT 
All forms of clonal (asexual) reproduction, including fragmenta- 

tion, budding, and a form of transverse division (paratomy, 

stolonization) that resembles scyphozoan strobilation (Fig. 

13-29B,C), appear in annelids. 

Annelids are primitively gonochoric animals that spawn 

gametes through their metanephridia. The segmental gonads 

are submesothelial clusters of germ cells that are released and 

stored in the coelomic cavities. (The coelomic cavities are 

packed with gametes in fully ripe individuals.) Once spawned 

and fertilized externally in seawater, the zygotes undergo spiral 

cleavage and develop into trochophore larvae (Fig. 12-4). Dur- 

ing metamorphosis (Fig. 13-1), the larval episphere (the 

pretrochal region) becomes the prostomium whereas the body 

posterior to the telotroch becomes the pygidium. The seg- 

ments that will form the trunk arise from a growth zone 

anterior to the telotroch. 

DIVERSITY OF ANNELIDA  
The 12,000 species of annelids are traditionally distributed 

among three major taxa—Polychaeta, Oligochaeta, and 

Hirudinomorpha (or Hirudinea) —considered to be classes in 

the Linnean system. Polychaeta, the most diverse group with 

some 8000 species, dominates in the marine environment. 

Oligochaeta (including earthworms, 3500 spp.) and Hirudin- 

omorpha (leeches, 500 spp.), although present in the ocean, 

are the annelids that have successfully colonized fresh water 

and land. 

PHYLOGENY OF ANNELIDA  
Modern phylogenetic analysis of Annelida has slightly altered 

the old three-class system of Polychaeta, Oligochaeta, and 

Hirudinea. At present, Annelida is divided into two mono- 

phyletic sister taxa of equal rank, Polychaeta and Clitellata 

(Fig. 13-7A). Polychaetes have appendages (parapodia) and 

nuchal organs (described later) whereas clitellates lack 

appendages and nuchal organs but have highly specialized 

reproductive structures (clitellum, cocoons) associated with 

a commitment to hermaphroditism and yolk-rich eggs. Within 

Clitellata, Hirudinomorpha (leeches) is considered to be 

monophyletic, but some systematists (including P. Ax) regard 

Oligochaeta as a paraphyletic taxon, a hodgepodge of worms 
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Polychaeta Oligochaeta Hirudinomorpha 

FIGURE 13-7 A, Phylogeny of Annelida. 1, Annelida: segmentation, 
teloblastic growth (both plesiomorphies), four bundles of simple 
chaetae per segment. 2, Polychaeta: parapodia, nuchal organs, pedal 
ganglia, one pair of pygidial cirri. 3, Clitellata: diteiium, zygotes 
deposited in cocoon, hermaphroditism, genital segments, loss of 
trochophore. 4, Oligochaeta: muscular pad or bulb in dorsal wall of 
pharynx. 5, Hirudinomorpha: posterior sucker, dorsal anus anterior to 
sucker, superficial annulations obscure segmental divisions, unpaired 
midventral male gonopore, ectoparasites on animals. B, Phylogeny of 
Articulata. 1, Articulata: segmentation with presegmental 
prostomium/acron, postsegmental pygidium/telson; paired coelomic 
cavities, metanephridia, gonads, nerve cords, and ganglia; ladderlike 
central nervous system; hemal system; teloblastic growth, engrailed 
expression at posterior margin of developing segments; longitudinal 
body-wall muscles in distinct bands, not a two-dimensional sheet. 
2, Annelida, simple, undivided chaetae of (3-chitin and proteins secreted 
by ectodermal cells in follicles; each chaeta secreted by one cell on the 
surface of its long microvilli; chaetae in bundles, one dorsolateral pair 
and one ventrolateral pair per segment. 3, Arthropoda: ecdysis 
(molting) of exoskeleton; exoskeleton of a-chitin and proteins; 
locomotory cilia absent; head consists of acron (annelid prostomium) 
and at least three segments; uniramous appendages; body cavity a 
hemocoel with a horizontal pericardial septum; heart has segmental 
ostia, saccate nephridia (nephridial sacs are reduced coelomic cavities); 
superficial cleavage, trochophore absent. (Modified from Ax, P. 2000. 

Multicellular Animals. The Phylogenetic System of Metazoa. Vol. II. Springer 

Verlag, Berlin. 396 pp.) 

that has retained primitive annelid and clitellate characters. 

Otheis (such as R. O. Brinkhurst), however, suggest that 

the muscular pad or bulb uniquely in the dorsal wall of 

the pharynx is an oligochaete autapomorphy, thus estab- 

lishing the monophyly of Oligochaeta. For the time being, we 

have adopted the latter viewpoint and consider Oligochaeta to 

be a monophyletic taxon of Clitellata and sister taxon of 

Hirudinomorpha. 

Identifying the sister taxon of Annelida is a matter of 

ongoing research and debate. The traditional view, which 

is grounded in evolutionary and developmental morphology, 

is that annelids and panarthropods (Onychophora and 

Arthropoda) are sister taxa of Articulata, the segmented 
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protostomes (Fig. 13-7B). The primary evidence for this 

hypothesis is the common occurrence in the taxa of seg- 

mentation, teloblastic growth, and expression of the gene 

engrailed at the posterior margin in developing segments. 

Molecular systematists and some morphologists are challeng- 

ing the Articulata hypothesis, however. Their phylogenetic 

hypothesis, based on gene sequences and reconsidera- 

tions of morphology, places annelids with sipunculans, 

molluscs, and other protostomes with a trochophore larva 

in the taxon Trochozoa and with panarthropods and 

othei molting animals in an unrelated taxon, Ecdysozoa 

(Fig. 9-25, 9-26B). If this hypothesis is correct, then it is likely 

that segmentation evolved independently in annelids and 

panarthropods. 

EVOLUTION AND SIGNIFICANCE 
OF SEGMENTATION  

Explanations for the evolution of the annelid body attempt to 

account for the origin and selective advantages of segmenta- 

tion, a design that is common to but perhaps not homologous 

in annelids and arthropods. With few exceptions, however, 

these explanations are little more than hypotheses waiting to 

be tested. As such, it is fair to say that a satisfactory explana- 

tion for the origin of segmentation is one of the Holy Grails of 

modern evolutionary morphology. 

The hypotheses fall into three groups: 

1. Gonocoel theory: The articulate ancestor was not seg- 

mented, but had at least one set of organs repeated serially 

along the length of its body. These organs—-the gonads, 

for example, in nemerteans—enlarged and adopted addi- 

tional functions to become the paired segmental coeloms 

of each segment. 

2. Cyclomerism theory: The ancestor had a few segments 

(known as oligomery) thought to be in the form of three 

pairs, with the last pair subdivided to form the segmented 

trunk. Living oligomeric animals that might provide mod- 

els foi such an ancestor are brachiopods, hemichordates, 

and echinoderms. 

3. Corm theory: The ancestor reproduced clonally to form 

a chain of zooids, similar to some flatworms undergoing 

paratomy (Fig. 10-22A). The zooids then lost their “inde- 

pendence” as they became more highly integrated into 

the body as segments. A related hypothesis regards the 

annelid trochophore as an axial zooid that produces 
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buds in bilateral pairs (segments) as it grows. This pat- 

tern of growth is reminiscent of modular growth in many 

colonial cnidarians, especially A-form hydroids and si- 

phonophores (Chapter 7). 

Regardless of its evolutionary origin, selection favored seg- 

mentation in annelids (as well as in arthropods and verte- 

brates). What were these selective advantages? One may be 

that segmentation of the coelomic hydrostat enabled worms to 

burrow more efficiently than their nonsegmented burrowing 

relatives, such as nemerteans, echiurans, and sipunculans. 

This burrowing hypothesis can be illustrated by comparing 

two coelomate worms that are identical except that one has 

segmental septa that partition its coelom into a series of iso- 

lated compartments, whereas the coelom of the other is undi- 

vided and continuous throughout the body. Both worms bur- 

row using alternating contractions of longitudinal and circular 

muscles to generate peristalsis along the body (Fig. 13-8). At 

any instant, the peristaltic waves of both worms are identical in 

appearance, but the musculature of the nonsegmented worm 

is more active than that of the segmented worm and requires 

more* energy to maintain the proper body shape. Along the 

body of the nonsegmented worm, the pressure of the 

coelomic fluid is at a maximum where circular or longitudinal 

muscles are contracted maximally (regions of minimum and 

maximum body diameter, respectively). Because the coelom is 

unpartitioned, the elevated fluid pressure is transmitted 

throughout the coelom and must be antagonized every- 

where by the action of body-wall muscles to prevent aneurisms 

and other deviations from the proper peristaltic wave shape 

(Fig. 13-8B). Segmented animals, on the other hand, isolate 

changes in coelomic fluid pressure to individual segments or 

groups of segments. As a result, body regions between con- 

tracted segments do not experience high fluid pressures and 

need not contract fully, or at all, to maintain the preferred 

shape of the body (Fig. 13-8C). 

Once segmentation evolved, it created the potential for 

further specialization of the body. This is because segmen- 

tation creates a series of compartments, each of which can 

be regulated more or less independently of the others. As 

such, segmentation, like multicellularity or coloniality, pro- 

vided a framework for specialization. In colonies, such special- 

ization is apparent in the polymorphism of zooids, whereas in 

segmented animals, it results from a regional specialization of 

segments called tagmosis. The simplest examples of tagmosis 

are found in annelids in which the body is weakly divided into 

three tagmata: head, thorax, and abdomen (Fig. 13-9). These 

same three tagmata are especially prominent in insects and 

many crustaceans. 

Tagmosis can result from any one of three processes. The 

first is the restriction of certain segmental structures to only 

a few segments. For example, gonads are often restricted to 

FIGURE 13-8 Peristaltic burrowing (A) with (C) and without (B) segmentation. The peristaltic burrowing wave 

(A) can be sustained in segmented worms (C) with less muscular involvement than in nonsegmented worms 

(B) because fluid pressure maxima are localized to a few segments. Pmax, maximum pressure in hydrostat; Pmin, 

minimum pressure in hydrostat. (Modified and redrawn from. Turbeville, J. M. and Ruppert, E. E. 1983. Epidermal 

muscles and peristaltic burrowing in Carinoma tremaphoros (Nemerlini): Correlates of effective burrowing without 

segmentation. Zoomorphology 103:103—120.) 
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FIGURE 13-9 Regional specialization (tagrnosis) of 
the annelid body: the polychaete Americonuphis magna 
The body of this tube-dwelling worm is specialized into 
a head bearing long slender sensory appendages, a 
thorax with anteriorly directed limbs, and an abdomen 
bearing branched gills. 

a few specialized genital segments. The second is that a seg- 

mental structure may be retained in all segments, but may 

structurally and functionally diverge between the segments. 

Such divergence is common among segmental appendages, 

which can be regionally specialized for locomotion, grasping, 

chewing, gas exchange, or reproduction. Third, regional spe- 

cialization also results from the fusion of segments. Although 

fusion may occur anywhere along the length of a segmented 

animal, it is commonly expressed as an anterior fusion of one 

oi more segments with the prostomium and peristomium to 

form a complex head. The head of the common polychaete 

Nereis, for example, consists of a prostomium, peristomium 

(first segment), and two additional segments, whereas that of 

the fruit fly Drosophila is composed of the acron (equivalent to 

the annelid prostomium) plus five segments. 

Developmentally, segmentation is best understood in 
insects, especially in Drosophila. As a fruit fly develops, a 

sequence of genes is activated that first defines the anatomi- 
cal axes anteroposterior, dorsoventral — of the embryo and 

then establishes the body segments. Segment morphogenesis 

proceeds from the general to the specific. First, gap genes 

define legional differences along the anteroposterior axis. 

Second, these regional differences control the pair-rule 

genes, which are expressed periodically as parasegments. 

(Parasegments are segmentlike stripes of gene expression, 
not morphological segments, which differentiate later and 

are offset slightly from the parasegmental pattern. Paraseg- 

ments establish a periodic pattern on which the differentia- 

tion of true segments is controlled.) Third, segment-polarity 

genes (segmentation genes), such as engrailed, establish a 

series of similar true segments. Fifth, selector genes, includ- 

mg Hox genes, determine the specific fate of each of the 

segments. This final level of control, the determination of 

regional identities along the anteroposterior axis by selector 

genes, has been documented not only in fruit flies but also in 

other insects, nematodes, and chordates, and thus seems to 

be a common morphogenetic process in Bilateria. The seg- 

mentation gene engrailed is expressed similarly in insects and 

annelids (leeches), suggesting that there is homologous 

genetic control of segmentation in these two taxa. Segment 

morphogenesis of leeches, however, differs from that of 

Drosophila in other ways. Such differences are difficult to eval- 

uate because leeches have not been studied as thoroughly as 

Drosophila has, because variability exists within Insecta, and 

because few data are available from primitive annelid taxa, 

such as Polychaeta. Additional research is sorely needed to 

answer the question of whether the genetic control of seg- 

mentation is homologous in Annelida and Arthropoda or in 

ah segmented animals, or if it underlies the anteroposterior 

patterning in all Bilateria. 

POLY CHAETAC  

Polychaetes, or bristleworms, are the diverse, common, and 

often colorful annelids of the sea. And diversity is the key word 

in describing the form, function, and lifestyles of polychaetes. 

Of the 8000 species, most are burrowers, but some crawl over 

the bottom or on the surfaces of attached organisms, others 

b°ie into shells oi rocks, many can swim when necessary, and 
a few are permanently pelagic. Still others secrete and occupy 

tubes, such as the spectacular feather-duster worms whose col- 

orful crowns grace seawater aquaria and a variety of natural 

habitats. Polychaetes generally are medium-size worms of less 

than 10 cm in length and 2 to 10 mm in diameter, but many 

interstitial forms are less than 1 mm, and some species (Eunice, 

Nereis, Polyodontes) are real giants that approach or exceed 

a length of 1 m and a diameter as thick as your thumb. The 

largest known polychaete is Eunice aphroditois, whose body 

exceeds 3 m in length. 

FORM AND FUNCTION 
Polychaetes are annelids with legs. The legs, called parapodia, 
are lateral fleshy outgrowths of the body wall that may be 

large and complex or little more than low nubbins or ridges, 

depending on species. Each segment bears one pair of para- 

podia (Fig. 13-6A). A parapodium is basically biramous, con- 

sisting of an upper division, the notopodium, and a ventral 
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division, the neuropodium (Fig. 13-6C). Each division is sup- 

ported internally by a chitinous skeletal rod called an acicu- 

lum. Parapodial muscles that attach to the acicula move the 

parapodia. Tentacle-like sensory processes, the cirri, project 

from the dorsal base of the notopodium and from the ventral 

base of the neuropodium. The notopodia and neuropodia 

assume various shapes in different taxa and may be subdivided 

into several lobes or even greatly reduced (Fig. 13-9, 13-11, 

13-23). A well-developed parapodium is a fleshy, more or less 

compressed projection of the body wall (Fig. 13-6C). 

The parapodial lobes (rami) house the pocketlike chaetal 

sacs, each of which secretes a bundle of chaetae (Fig. 13-4). 

Primitively, two bundles of chaetae are borne by each para- 

podium (Fig. 13-4A). New chaetae are produced by the chaetal 

sac as older chaetae are lost or shed (Fig. 13-5A). Chaetae 

adopt diverse shapes, and the chaetal bundles of a particular 

species may be composed of more than one type of chaeta 

(Fig. 13-4B). Most chaetae are used to improve traction for 

locomotion through sediment or over surfaces, so their tips are 

variations on needles, hooks, or serrated blades (Fig. 13-4). 

Some chaetae, however, are spatulate shovels used for digging 

(paleae; Fig. 13-49D), others are paddles used for swimming 

(Fig. 13-30C), still others (uncini) bear numerous microscopic, 

Velcro-like hooks used to grip the inner walls of tubes and 

burrows (Fig. 13-35B). 

The segments of polychaetes are generally similar, but in 

some burrowers and tube dwellers there has been a tendency 

for the trunk to become specialized into distinct regions (tho- 

rax and abdomen) as a result of variations in the parapodia or 

the presence or absence of gills (Fig. 13-9). The number of 

segments ranges from fewer than 10 to over 200, depending 

on the species. 

The polychaete head can consist of the prostomium alone, 

prostomium and peristomium, or prostomium, peristomium, 

and one or more additional segments. In general, however, 

polychaetes are unique among annelids in having several differ- 

ent types of cephalic sensory appendages, described fully under 

Nervous System and Sense Organs. The prostomial appendages 

include anterior or anterodorsal antennae and anteroventral 

palps (Fig. 13-6A, 13-10A). In many polychaetes, the peri- 

stomium bears sensory tentacular cirri or two long feeding 

appendages called tentacular palps (as in the spionids), which 

have migrated from the prostomium, elongated, and adopted 

a feeding function. The polychaete pygidium primitively bears 

one pair of pygidial cirri (Fig. 13-6A), but some polychaetes 

have more than one pair. 

BODY WALL AND TUBES 
The polychaete body wall is similar to that of annelids in gen- 

eral. Polychaetes are unique among annelids, however, 

because many species secrete and occupy a tube (Fig. 13-3F, 

13-36B, 13-43). The tube may be open at one or both ends 

and partially buried in sediment or attached to surfaces. 

A worm may permanently occupy its tube, enlarging it with 

growth (as in Chaetopterus and feather-duster worms) or it may 

abandon the tube, crawl to a new location, and secrete an- 

other (as Diopatra does; Fig. 13-43). The shingle-tube worm, 

Owenia fusiformis, is able to burrow through the sediment in 

its flexible tube (Fig. 13-49A). So common are these tubes 

(and the worms that inhabit them) that they often wash 

ashore in windrows after storms scour them from the sand. 

For the enthusiast, identifying polychaete tubes on the beach 

can be as fascinating as associating a bird’s nest with its 

builder. 

The tube material is a fibrous protein that has the appear- 

ance and texture of cellophane, parchment, or silk. Foreign 

material such as mud, quartz sand, shell fragments, plant 

debris, and algae is often incorporated into the wall of the 

tube for strength, camouflage, and food. A few polychaetes 

that live on exposed surfaces calcify the tube to form a shell 

(Serpulidae, Spirorbidae; Fig. 13-51B,C). 

The tubes are protective, but they also have other func- 

tions. For some polychaetes (Diopatra, for example), the tube 

is a lair from which to emerge and catch passing prey (Fig. 

13-43). Like a snorkel projecting above the sediment surface, 

the tube may provide a source of clean, oxygenated water to 

its subterranean occupant (Fig. 13-36B). Attachment of the 

tube enables the worm to inhabit hard, bare surfaces such as 

rock, shell, or coral (Fig. 13-50B). A few worms brood their 

eggs and young within the tube (Fig. 13-51C). The parchment- 

tube worm, Chaetopterus, pumps water through its tube for gas 

exchange and filter feeding (Fig. 13-47). 

MUSCULATURE AND LOCOMOTION 
Polychaetes have diverse locomotory adaptations related to 

lifestyle and body design. Peristaltic burrowing, described 

earlier in this chapter and in Chapter 9, is common among 

polychaetes having elongate bodies, reduced parapodia and 

head appendages, and many similar segments. The circular 

musculature usually is well developed and the septa often are 

complete, restricting the coelomic fluid to individual seg- 

ments. Actively burrowing polychaetes typically resemble 

earthworms (which also burrow using peristalsis) and are 

well represented in Scolecida (including Arenicolidae, Capitel- 

lidae, Orbiniidae; Fig. 13-34). 

Other burrowing polychaetes, such as the lugworm, Areni- 

cola, and the earthwormlike capitellids, augment or replace 

whole-body peristalsis with an eversible pharynx. As the phar- 

ynx everts, it pushes into the sediment and anchors. The ani- 

mal then pulls itself forward into the sediment as it retracts 

the anchored pharynx (Fig. 13-35A, 13-21). The bloodworm 

Glycera has abandoned peristalsis and burrows solely with its 

prodigious pharynx, which punches into the sediment (Fig. 

13-39C). Some members of Nephtyidae, called shimmy 

worms, and the amphioxus-like Armandia and Ophelia (Ophe- 

liidae) produce rapid lateral undulations of the body and lit- 

erally swim through loosely consolidated sand (Fig. 13-36A, 

13-40). Very small sediment dwellers, such as members of the 

interstitial Dinophilidae and Diurodrilidae, use cilia for loco- 

motion. 

Many polychaetes, such as ragworms (Nereidae), paddle- 

worms (Phyllodocidae), scaleworms (Polynoidae), and pelagic 

polychaetes (Alciopidae, Tomopteridae), either crawl over sur- 

faces or swim using well-developed parapodia and chaetae. In 

these, the prostomium is equipped with eyes and other sense 

organs, the parapodia are well developed, and the segments 

are generally similar (Fig. 13-10A, 13-1 IB, 13-18C, 13-38, 

13-41B). Movement is the result of the combined action of the 
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FIGURE 13-10 Polychaete anatomy: Nereis virens. A. Dorsal view and dissection. B, Lateral view of the head 
Roman numerals des.gnate segments. C. Lateral view of the head with the pharynx everted. (A, From Brown, F A 

1J5V. Selected Invertebrate Types. John Wiley and Sons, Netu York.) 

parapodia, the body-wall musculature, and the coelomic-fluid 

skeleton. The longitudinal muscle layer is better developed 

than the circular layer, the specialized parapodial muscles are 

well developed, and the septa tend to be incomplete. 

During slow crawling (Fig. 13-12A, 13-13A), the parapodia 

and chaetae move like legs, alternately pushing against the 

substratum in the power stroke and lifting above the substra- 
tum in the recovery stroke. As the power stroke begins, the 

acicula and chaetae extend, the parapodium makes contact 

with the substratum, and then the parapodium sweeps rear- 

ward. The recovery stroke is initiated as the acicula and 

chaetae retract, then the parapodium lifts off the substra- 

tum and swings forward. The movements of the numerous 

parapodia are coordinated to avoid interference and move 
the worm effectively. The parapodia on opposite sides of 

the same segment are 180° out of phase; if the left-side 

parapodium is in the power stroke, the right side is in the 

recovery stroke. The series of parapodia on one side of the 

body are coordinated in waves, like falling dominoes, that 

pass from posterior to anterior (a progressive wave). Thus 

when a parapodium is in the middle of its power stroke, 

the next anterior parapodium initiates its power stroke as the 

next posterior parapodium completes its power stroke (Fig. 

13-12A, 13-13A). The overall pattern is similar to that of a 

crawling millipede. 

Rapid crawling (as seen in Nereidae or Flesionidae) involves 

not only the parapodia, but also lateral body undulations pro- 

duced by waves of longitudinal-muscle contraction (Fig. 

13-12B). These waves of contraction progress forward along the 

body and coincide with the alternating waves of parapodial 
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FIGURE 13-11 Polychaete heads in dorsal view. A, The polynoid 

scaleworm Lepidasthenia varia, which occupies the burrow of its 

polychaete host, the maitre d' worm, Notomastus lobatus 

(Capitellidae). B, The green phyllodocid Phyllodoce fragilis, a common 

crawling inhabitant of oyster reefs and other fouling communities. 

C, The oenonid "opalworm," Arabella tricolor, a burrower in fine sands. 

D, The eunicid Marphysa sanguined, an inhabitant of muddy oyster reef 

communities in the southeastern United States also found in holes in 

calcareous rock. 

activity described above. The parapodial power stroke occurs at 

the crest of an undulatory wave. With the crest parapodia firmly 

planted against the substratum, contraction of longitudinal 

muscles on the opposite, trough side of the body imparts addi- 

tional thrust to the crest-side parapodia. As the longitudinal 

muscles shorten and compress the trough side of the body, the 

crest side expands, thrusting back against the parapodia 

anchored in the substratum, thus pushing the animal forward 

(Fig. 13-13B,C). 

Many benthic polychaetes, such as Nereis, swim by using the 

rapid-crawling movements just described. The same move- 

ments are used for swimming in six exclusively pelagic families 

of polychaetes that resemble crawling polychaetes, but tend to 

be transparent like many other planktonic animals. Members 

of Alciopidae have enormous eyes (Fig. 13-18C), and species 

of Tomopteridae (Fig. 13-38A), which have lost the chaetae 

and have membranous parapodial pinnules, are the most 

highly specialized of the pelagic polychaetes. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The brain and ladderlike nerve cords of polychaetes are like 

those described for annelids in general (Fig. 13-14, 13-15). 

The polychaete brain, however, may be large and lobed if 

the head bears sense organs (Fig. 13-14, 13-15A). Additional 

ganglia, called pedal ganglia, are commonly associated with 

the segmental nerve cords at the bases of the parapodia 

(Fig. 13-14, 13-15). These ganglia, which are unique to poly- 

chaetes, are important centers that control the complex 

parapodial movements. The ventral nerve cord may be 

paired and ladderlike (Fig. 13-6A), as it is in feather-duster 

worms, but in most polychaetes, the two cords are fused 

along the midline to varying degrees (Fig. 13-14, 13-16), and 

in the tube-dwelling Owenia, an unpaired, nonganglionated 

nerve cord occurs in the epidermis. 

FIGURE 13-12 Polychaete locomotion: slow and fast crawling. 

A, The nereid Ceratonereis irritabilis showing parapodial 

movements while crawling slowly. B, The phyllodocid Eulalia 

macroceros combining parapodial movements with a progressive 

undulatory wave while crawling rapidly. 
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FIGURE 13-13 Polychaete locomotion: slow and fast crawling in nereid polychaetes. A, Slow crawling 
showing alternation of parapodial power and recovery strokes on opposite sides of the same segment and the 

rf ru9tfde Wave 0f activation alon9 the body- B- Fa« crawling superimposes a progressive undulatory wave of the body on the stepping movements of parapodia. Parapodia on the wave crests undergo power strokes which 
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,°r‘e"S' '* creates a backthrust on the crest side in contact with the substratum. (A, Modified from Clark, R. B. 
1964. Dynamics in Metazoan Evolution. Clarendon Press, Oxford. 313 pp.) 

The chief sense organs of polychaetes are nuchal organs, 

ocelli, and statocysts, but many also have antennae, palps, and 

cirri. Of these, the nuchal organs are widespread and unique to 

polychaetes. 

Nuchal organs are a pair of ciliated sensory pits or slits 

situated posterolaterally on the prostomium (Fig. 13-17A,B, 

13-37B). These chemoreceptive organs, which often are eversi- 

ble, aie important for detecting food. They attain their great- 

est development in predatory species, such as some of the 

fireworms (Amphinomidae), in which they expand to form a 

convoluted, brainhke crown (caruncle) on the upper surface 

of the head (Fig. 13-37B). 

Eyes (ocelli), which are best developed in errant poly- 

chaetes (Aciculata), are found on the surface of the pro- 

stomium in two, three, or four pairs (Fig. 13-10A, 13-1 IB-D, 

13-38B, 13-41B). Although prostomial ocelli occur in some 

species of sedentary polychaetes, they sometimes also have 

ocelli elsewhere on the body. For example, the feathers (radi- 

oles) of some feather-duster worms bear ocelli. These suspen- 

sion feeders have a shadow reflex and instantly withdraw into 

their tubes when a shadow is cast over them, as when a fish 

swims overhead. Some of these same worms also have a pair of 

ocelli on the pygidium. Under duress, the worms aban- 

don their tubes and crawl away backward as the pygidium 

becomes the functional head. 

In general, the prostomial ocelli are pigment cups, the 

walls of which are composed of rodlike photoreceptors 

(modified microvilli), pigment cells, and supporting cells 
(Fig. 13-18). 

The ocelli of most polychaetes probably determine only 

light intensity and direction, but the huge bulging eyes of 

the pelagic, carnivorous Alciopidae may be capable of image 

formation (Fig. 13-18C,D). 

Statocysts predominate among sedentary burrowers and 

tube dwellers. The lugworm Arenicola has one pair of cilia-lined 

statocysts embedded in the body wall of the head, each open- 
ing to the exterior via a lateral canal (Fig. 13-16, 13-17C). The 

statocysts of Arenicola contain spicules, diatom shells, and 

quartz grains, all coated with a chitinous material. Arenicola 

always burrows head downward, and if an aquarium containing 
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FIGURE 13-14 Brain and anterior nerve cord of Nereis. (After Henry from Kaestner.) 

a worm is tilted 90°, the worm makes a compensating 90° turn 

in burrowing. If the statocysts are destroyed, this compensating 

ability is lost. 

The sensory appendages of the prostomium (antennae, 

palps), peristomium (tentacular cirri), parapodia (dorsal and 

ventral cirri), and pygidium (pygidial cirri), all bear numerous 

sensory cells (Fig. 13-6A,C). Each appendage is thought to 

house both mechanoreceptors and chemoreceptors, but dis- 

tinct sensory roles for the individual appendages have not been 

determined. Some mechanoreceptors may be tactile, others 

sensitive to water flow, and still others, whose dendrites are 

embedded in the cuticle, may be stretch receptors (proprio- 

ceptors) . The many different types of chemoreceptive cells may 

be tuned to specific waterborne chemicals or classes of com- 

pounds. It has been suggested that some detect pheromones 

released prior to sexual reproduction. 

Brain 

FIGURE 13-15 Polychaete brain, central nervous system, and giant axons. A, Anterior nervous system of the 

scaleworm Lepidasthenia. B-D, Central nervous systems of three polychaetes, showing arrangement of giant 

axons in the ventral nerve cord. B, Eunice, with a single giant axon; C, Nereis, with medial and lateral giant 

fibers; D, Thalanessa, with intrasegmental giant axons. (A, After Storch from Fauvel; B and C, After Nicol; D, After 

Rhodes from Nicol.) 

D 
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FIGURE 13-16 Brain, statocyst, and foregut in the lugworm 
Arenicola (dorsal dissection). (After Ashworth from Brown, F A. 1950. 

Selected Invertebrate Types. John Wiley and Sons, New York) 

DIGESTIVE SYSTEM 
The polychaete gut typically is a straight tube extending from 

the mouth at the anterior end of the worm to the anus on the 

pygidium (Fig. 13-2, 13-19). The polychaete digestive system is 

like that described for annelids in general and is commonly 

differentiated into a pharynx (or buccal cavity if the pharynx 
is absent), short esophagus, stomach (in sedentary species), 

intestine, and rectum (Fig. 13-10A, 13-20). The pharynx can be 
a protrusible, tonguelike, muscular bulb or an eversible organ 

(Fig. 13-21). If it is a bulb, it is situated in the midventral wall of 

the foiegut (in contrast to the dorsal position in oligochaetes). 

Teeth or various forms and functions, sometimes composing 

grasping jaws, occur in the pharynx of many polychaetes (Fig. 

13-10C, 13-22). In Nereis, two large, glandular ceca open into 

the esophagus (Fig. 13-10A). The ceca, along with the anterior 

end of the intestine, secrete digestive enzymes. 

Even the mundane matter of defecation is diverse in Poly- 

chaeta. In worms that crawl or burrow, feces are simply 

released and abandoned. Many tube-dwelling polychaetes, 

such as Chaetopterus, that pump water unidirectionally through 

their tubes defecate into the downstream exhaust flow (Fig. 

13-47B). Such flushing, however, runs afoul when only one 

end of the tube or burrow is exposed to the surface water. In 

these cases, some polychaetes avoid fecal contamination by 

living upside down (anus-end up) in their vertical tubes, as do 

bamboo worms (Maldanidae; Fig. 13-36B), whereas many oth- 

ers invert themselves temporarily to defecate at the surface. 

Still other polychaetes that live upright in blind-ended tubes, 

such as feather-duster worms and mason worms (Sabellari- 

idae), vent their feces without standing on their heads. Mason 

worms accomplish this feat by permanently bending their 

body into a U, the posterior half of the body being reduced to 

little more than a feces-conducting tube (Fig. 13-50A). The 

dorsal body surface of feather-duster worms has a ciliated 

groove that transports fecal pellets from the anus anteriorly 

out of the tube. Many species consolidate their feces into high- 

density fecal pellets or strings, which tend not to resuspend 

and reenter their burrows or tubes. 

NUTRITION 
The feeding methods of polychaetes are closely related to their 

lifestyles. Many of the burrowers and sedentary burrow- and 

tube-dwellers are deposit feeders that use the organic material 
in sediments as food. Direct deposit feeders ingest sediment 

directly with the mouth or a nonmuscular, bulbous, protrusible 

pharynx; these include the lugworms (Arenicolidae), bamboo 

worms (Maldanidae), and several families of earthwormlike 

polychaetes such as Orbiniidae and Capitellidae. Indirect de- 
posit feeders, such as spaghetti worms (Terebellidae) or palp 

worms (Spionidae), also feed on the organic material in sedi- 

Prostomium 

A 

Nuchal 
organ 

. , r+ , °rgans- A' Anter,or of Notomastus latericeus with everted nuchal organs 

V'eW) C Sta,0CV5tS and a",eri°r ~ <* 



Polychaetac 429 

FIGURE 13-18 Polychaete sense organs: ocelli. A, Simple pigment-cup ocellus of Mesochaetopterus. B, Lensed 
ocellus of Nereis. C, The head and bulging complex eyes of the pelagic alciopid Vanadis formosa. D, Section 
through the complex eye of Vanadis formosa. (A and B, After Hesse from Fauvel, C, From Rice, S. A. 1987. 

Reproductive biology, systematics, and evolution in the polychaete family Alciopidae. Biol. Soc. Wash. Bull. 7.114-127, D, 

After Hesse from Hermans, C. 0., andEakin, R. M. 1974. Fine structure of the eyes of an alciopid polychaete Vanadis 

tagensis. Z. Morphol. Tiere. 79:245-267.) 

merits, but collect the material first with a specialized appen- 

dage that then conveys the food to the mouth. In spaghetti 

worms, these appendages are extensible prostomial tentacles, 

whereas palp worms use a pair of long peristomial palps. 

Carnivores, herbivores, and scavengers are typically motile 

(errant) polychaetes that crawl over surfaces and in crevices or 

catch plankton in the water (Alciopidae), but some are tube 

dwellers or active burrowers. Because they seize prey or 

carrion, these polychaetes typically have a well-developed mus- 

cular, eversible pharynx. The everted pharynx may be a 

muscular grasping tube, as in the paddleworms (Phyllodoci- 

dae), that sometimes has a thick, rasping lower lip, as in 

the fireworms (Amphinomidae), or it may beai jaws with 

grasping (Nereidae, Eunicidae, Lumbrineridae, Fig. 13-10C, 

13-22) or venomous teeth (Glyceridae; Fig. 13-39C). The 

horny jaws are composed of a cross-linked (tanned) protein. 

When food is detected, the pharynx rapidly everts, exposing 

and opening the jaws. The food is seized in the jaws and 

the pharynx is retracted. Although protractor muscles may be 

present, increased coelomic pressure resulting from the con- 

traction of body-wall muscles typically everts the pharynx. 

When these muscles relax and the coelomic fluid pressure 

drops, the pharynx is withdrawn by retractor muscles (Fig. 

13-10B,C). 

All suspension feeders are sedentary animals that occupy 

tubes in sediment or are attached to shells, rocks, and other 

hard surfaces. They have ciliated appendages with large 

surface areas for trapping suspended particles, such as the 

feathery crown of feather-duster worms (Fig. 13-52), or they 

secrete a mucous net through which water is pumped and 
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FIGURE 13-19 Polychaete gut. The simple gut of the filter-feeding 

(route shown by arrows), shingle-tube worm Owenia fusiformis, viewed 

in longitudinal section. Owenia is using its peristomial collar to add a 

shell frament to its tube. (Modifiedfrom Watson.) 

filtered, as in the parchment-tube worm, Chaetopterus (Fie;. 

13-47A,B). s 

A few species of polychaetes are parasites. Labrorostratus 

(Oenonidae) lives in the coelom of other polychaetes and 

may he almost as big as its host. Some myzostomids are 
endoparasites of sea stars. Ectoparasites include species of the 

bloodsucking Ichthyotomidae, which attach to the fins of 

marine eels. 

GAS EXCHANGE 
Gas exchange in polychaetes, as in all annelids, occurs across 

the general body wall, but often additional, specialized gills 

are present, especially in the larger-bodied burrowers and 

tube dwellers. Specialized gills, though thin-walled and deli- 

cate, are always unprotected outgrowths of the body surface 

and never enclosed in gill chambers. Perhaps this is because 

they already are protected by the worms’ tubes and burrows. 

Specialized gills are absent in tiny polychaetes and those with 
long, threadlike bodies. 

Typically, gills are associated with the parapodia and in 

many cases are modified parts of the parapodium. The 

notopodium may be flattened to form a branchial (gill) lobe, 
as m nereids (Fig. 13-6C). Commonly, the dorsal cirrus of 

the parapodium is modified as a gill (Fig. 13-23, 13-24C,D) or 

the gills arise from the base of the dorsal cirrus. Cirratulids 
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FIGURE 13-20 Polychaete gut and internal anatomy: dorsal 

dissection of Amphitrite ornata. (AfterBrown, F. A. 1950. Selected 

Invertebrate Types. John Wiley and Sons, New York.) 

have long, contractile, threadlike gills, each one attached to 

the base of the notopodium (Fig. 13-24A). 

Among the several families of polychaetes known as scale- 

worms, gas exchange is largely restricted to the dorsal body sur- 

face, which is loofed over by two rows of overlapping, fishlike 

scales, the elytra, each of which is borne on a short stalk 

(Fig. 13-41). Cilia on the dorsal body surface create a current 

°f water flowing posteriorly beneath the elytra. The felt- 
covered sea mouse {Aphrodite; Fig. 13-41 A,B) lacks cilia, but a 

similar dorsal water current is produced by rocking its elytra, 

which are modified dorsal cirri. 
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Notopodium 

FIGURE 13-21 Polychaete pharynx. Lateral view of the anterior end 

of the earthwormlike Notomastus (Capitellidae), a burrowing direct 

deposit feeder. The large everted pharynx obscures the tiny 

prostomnium. (AfterMichel.) 

FIGURE 13-22 Polychaete pharynx and jaws. Ventral view of the 

head of the eunicid Marphysa sanguinea, showing its complex jaws. 

Within the expanded beaklike parts (white) is a pair of opposing 

mandibles (black). 

The gills of many sedentary species are branched feather- 

or treelike structures restricted to the anterior end of the body 

and independent of parapodia. The spectacular red, arbores- 

cent gills of some spaghetti worms (Terebellidae), such as 

Amphitrite, are not only ciliated, but also contractile, and they 

pulsate rhythmically (Fig. 13-24B). The feather dusters of 

feather-duster worms function as gills as well as biters for 

feeding. 

Gill ventilation results from ciliary beating, muscular con- 

traction of the gill, or both (Fig. 13-23), but many burrowers 

and tube-dwellers augment the gill pump by creating a peri- 

staltic water flow through their burrows or tubes. Worms that 

ventilate using peristalsis typically exhibit a spontaneous venti- 

lating rhythm in which a period of ventilation alternates with 

a period of rest. The muscular exertion associated with peri- 

staltic ventilation may increase the worm’s oxygen consump- 

tion by as much as 15-fold, but there is approximately a 20-folcl 

increase in oxygen uptake. 

INTERNAL TRANSPORT 
Circulation in most polychaetes results from fluid movement 

in both the hemal system and the coelom. A common varia- 

tion on this pattern occurs in many polychaetes that have 

reduced septa, such as the glycerid bloodworms. In these, the 

coelomic system functionally replaces the hemal system and 

transports substances throughout the body. Very small species 

also typically lack a hemal system and sometimes also coelomic 

cavities (Fig. 13-42B,C). 

The basic layout of the polychaete hemal system con- 

forms to that of annelids in general but is complicated by 

the addition of parapodial and gill circulations (Fig. 

13-25A). In each segment, the ventral vessel gives rise to one 

pair of parapodial vessels and several pairs of intestinal ves- 

sels (Fig. 13-25A). The patterns of blood flow vary from 

taxon to taxon, but typically the parapodial vessels transport 

blood to the parapodia, body wall, and nephridia before 

returning it to the dorsal vessel. The intestinal vessels 

deliver blood from the gut to the ventral vessel. A capillary 

plexus in the parapodia and gut wall facilitates exchange in 

those organs. 

The gills usually are provided with afferent and efferent 

vascular loops permitting a two-way flow, as in the gills of lug- 

worms (Fig. 13-35A) and the branchial, notopodial lobes of 

nereids (Fig. 13-25A). On the other hand, the “feathers” (radi- 

oles) of feather-duster worms each contain only a single vessel, 

within which blood flows tidally, in and out (Fig. 13-52B). In 

other polychaetes, such as glycerids, the parapodial gills are 

irrigated with coelomic fluid instead of blood. 

Fewer cells populate the blood than the coelomic fluid. 

Blood is often colorless in small polychaetes, but in larger 

species and those that burrow in soft bottoms, large, extra- 

cellular molecules of hemoglobin occur in the plasma. 

Respiratory pigments, like almost everything else in poly- 

chaetes, are diverse (Fig. 9-16). Polychaetes have three of 

the four animal respiratory pigments. Hemoglobin is the 

most common, but chlorocruorin is characteristic of the 

blood of serpulid, spirorbid, and sabellid feather-duster 

worms (the blood of Serpula contains both hemoglobin and 

chlorocruorin) as well as species of Flabelligeridae and 

Ampharetidae. Chlorocruorin is a kind of hemoglobin, but 

a slight chemical difference makes it green instead of red. 

The peculiar blood of Magelona (Magelonidae) contains 

enucleated hemocytes that contain a third pigment known 

as hemerythrin, which has a pink or violet hue. Like hemo- 

globin, hemerthryin binds an atom of iron at its center, but 

unlike hemoglobin, it is a nonheme (porphyrin-lacking) 

protein found elsewhere only in Sipuncula, Priapulida, and 

inarticulate brachiopods. 
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FIGURE 13-23 Polychaete gill surfaces. Arrows indicate direction of water currents. Flows on trunk surface 
are directed posteriorly (countercurrent to flow in dorsal blood vessel). A, Scolelepis squamata. B, Phyllodoce 
laminosa. In both species the dorsal body wall and dorsal cirri are important gill surfaces. In paddleworm 
polychaetes (B; Phyllodocidae), the notopodium is also flattened to function as a gill. (After Segrove.) 
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FIGURE 13-25 Polychaete hemal system. A, Nereis virens: 
vascular anatomy of one segment. Arrows indicate the 
direction of blood flow. B, Oxygen dissociation curves of the 
respiratory pigments of three species of polychaetes. 
Amphitrite ornata has two hemoglobins (Hb), one hemal 
(vascular) and one coelomic. Note that coelomic Hb of 
Amphitrite has a higher 02 affinity than does the hemal 
pigment (see text for discussion). The respiratory pigment of 
the feather-duster worm Spirographis spallanzanii is 
chlorocruorin. The very high affinity of the Arenicola Hb 
means that the 02 bound to the pigment is not released until 
the environmental (and tissue) 02 tension is very low. For the 
intertidal Arenicola, this occurs at low tide, when the worm 
cannot irrigate its burrow with water. Under such conditions, 
02 is released from the Hb to meet the respiratory demand of 
the animal until the rising tide returns oxygenated water to 
the burrow. (Modified from Daks.) 

The coelomic fluid is circulated by muscular contractions 

of the body wall or by both muscular contractions and cilia on 

the coelomic lining. The coelomic fluid may be colorless 01 

contain low-molecular-weight hemoglobin in coelomocytes 

(erythrocytes). Sometimes the pigment occurs only in the 

coelom (Capitellidae) and not in the hemal system, but in 

many others (such as terebellids and opheliids), two different 

hemoglobins are present, one in the blood and the other in 

the coelom. In addition, the bloodworm Glycera, most scale- 

worms, and others have hemoglobin (neuroglobin) in or 

around their nerve cords, which are bright red. Myoglobin 

occurs in the muscles of many scaleworms. 

When hemoglobin is present in both hemal system and 

coelom as well as in muscle and nerve, the oxygen-binding 

properties of the pigments differ in each compartment. In 

general, the hemal-vessel (gill) hemoglobin binds oxygen 

least tightly, the muscle and nerve hemoglobin binds it most 

tightly, and the coelomic fluid hemoglobin binds intermedi- 

ately. This results in a cascade of oxygen transport from gill 

vessels to coelom to oxygen-demanding cells of the body 

(Fig. 13-25B). Hemal-system hemoglobin binds oxygen at the 
gill, only to have it stripped away by the higher-affinity 

coelomic hemoglobin, which in turn has its oxygen removed 

by the still-higher-affinity nerve and muscle hemoglobins. 

The mitochondrial cytochromes, which have the highest 

affinity of all, are the final destination for the respiratory 

oxygen. 

For many intertidal polychaetes, oxygen availability drops 

as the tide recedes and water stagnates in their burrows, 

tubes, or crevices. In such situations, polychaetes may 

suppress their metabolic rate and become torpid, rely on 

“stored” oxygen bound to hemoglobin, or both. The inter- 

tidal burrower Euzonus mucronatus, for example, uses oxy- 

hemoglobin storage to carry it through regular 2- to 4-h 

periods of sediment anoxia during low tide. If subjected to 

longer periods of anoxia, the worm switches over to anaero- 

bic respiration, on which it can survive for as long as 

20 days. 
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EXCRETION 
Polychaete excretory organs are filtration nephridia, as de- 

scribed for Annelida (Fig. 13-6B,C, 13-10A). Chlorogogen tissue, 

coelomocytes, and the intestinal wall may play accessory roles in 

excretion. 

Depending on body design, polychaetes have either pro- 

tonephridia or metanephridial systems. Protonephridia occur 
in a few adult polychaetes that lack or have a reduced hemal 

system. Most polychaetes, however, have both hemal and 

metanephridial systems. The correlation of blood vessels with 

metanephridia, and their absence with protonephridia, is an 

indication of how ultrafiltration, the first step in urine forma- 

tion, occurs in the two functional groups, as described in 

Chapter 9 (Fig. 9-17). 

Polychaetes with metanephridial systems have vascular fil- 

tration sites covered with podocytes and septum-associated 

metanephridia (Fig. 13-26). The preseptal end of the metane- 

phridium in Nereis, for example, bears a ciliated, funnel-like 

nephrostome (Fig. 13-10A). The long postseptal tubule, which 

extends into the next segment, forms a coiled mass enclosed 

in a thin mesothelial sheath. Tubule elongation and coiling 

are probably adaptations that increase the surface area for 

tubular secretion or reabsorption. The nephridiopore opens 

at the base of the neuropodium on the ventral side. The 

entire lining of the tubule is ciliated. 

The metanephridia of most other polychaetes differ only 

slightly from those of Nereis (Fig. 13-26B-D), but may be 

regionally restricted to excretory segments. An extreme 

example of regional restriction occurs in the tube-dwelling 

feather-duster worms, which have only one pair of anterior 

nephridia. The ducts of the two nephridia unite in the ven- 
tral midline and open through a single nephridiopore on 

the head (Fig. 13-26C). With its head and nephridiopore 

extended above the tube mouth, the worm releases urine 

directly to the external environment and avoids fouling 

its tube. 

Among polychaetes with protonephridia, a protonephrid- 

ium typically bears a cluster of terminal cells. Each terminal cell, 

called a solenocyte, closely resembles a sponge choanocyte, con- 

sisting of a single flagellum in a collar of microvilli (Fig. 13-27). 

Many polychaetes — nereids and others—can tolerate low 

salinities and are adapted to life in brackish sounds and estu- 

aries. Under these conditions, where the relative concentra- 

tion of salt is low and water high, one might expect the worm 

to eliminate excess water and take up salt. Such worms typi- 

cally have a glomerulus-like network of blood vessels around 

their metanephridia. Presumably, the high density of blood 

vessels increases the rate of ultrafiltration and urine produc- 

tion, thus “squeezing” excess water out of the body. The gills 

(notopodial lobes) of Nereis succinea, like the gills of freshwater 
fishes, contain cells specialized for actively absorbing ions. 

very few polychaete species, such as the feather-duster 

Manyunkia speciosa (Sabellidae), have managed to colonize 
fresh water. Manyunkia is widely distributed and occurs in 

enormous numbers in certain regions of the Great Lakes, such 
as around the mouth of the Detroit River, and in Lake Wacca- 

maw, North Carolina. Even more remarkable are the terres- 

trial polychaetes of the Indo-Pacific tropics that burrow in soil 

or live in moist litter. 

REPRODUCTION 

Regeneration and Clonal Reproduction 
Polychaetes readily regenerate missing or damaged parts. Ten- 

tacles, palps, “tails,” and even heads removed by grazers or 

predators are soon replaced. Such replacement is a common 

occurrence in burrowers and tube dwellers. In general, the 

potential for regeneration is somewhat greater in worms with 

uniformly differentiated trunks than in those with specialized 

thoracic and abdominal regions, but there are many excep- 

tions. Chaetopterus and Dodecaceria, for example, can regener- 

ate the entire body from a single segment. Experimental 

studies indicate that the nervous system plays an important 

inductive role in regeneration and that the neuroendocrine 

system is involved in some way. If the nerve cord alone is sev- 

ered, a new head forms at the site of the cut. If the nerve cord 

is cut just behind the subpharyngeal ganglion and then pulled 

through a hole in the lateral body wall, a second head differ- 

entiates at the site. 

Clonal reproauction occurs in some polychaetes, including 

cirratulids (Dodecaceria), syllids, feather-duster worms (Sabelli- 

dae), and palp worms (Spionidae). Budding and transverse 

division or fragmentation are the two common modes of asexual 

reproduction (Fig. 13-29B,C). 

Sexual Reproduction 
Most polychaetes probably reproduce only sexually, and the 

majority of species are gonochoric. Polychaete gonads usually 

are distinct, segmentally paired organs found in the connec- 

tive tissue associated with such structures as septa, blood 

vessels, and the lining of the coelom (Fig. 13-28). 

In many polychaetes, most segments bear gonads, but in 

some species they are restricted to genital segments. Gonads 

are usually limited to the abdomen in polychaetes (Capitelli- 

dae) with distinct thoracic and abdominal regions. Among the 

few hermaphroditic polychaetes, some feather-duster worms 

have anterior abdominal segments that produce eggs and 

posterior ones that produce sperm. 

Germ cells often are shed into the coelom as gametogonia 

or primary gametocytes, and growth and differentiation of the 

gametes is completed in the coelomic fluid (Fig. 13-28A). 

When the worm is mature, the coelom is packed with ripe 

eggs or sperm, which often can be seen through the translu- 

cent body wall. For example, the abdomen of a ripe male 

Pomatoceros appears white, and that of a female bright pink or 

orange because of the color of the sperm and eggs, respec- 

tively. The blue eggs of the red-white-and-blue worm, Proceraea 

fasciata (Syllidae), show through the red-banded, whitish body. 

In general, gametes are either spawned through the 

metanephridia (Fig. 13-26B) or by rupturing of the body wall. 

Body-wall rupture is common among species that transform 

into specialized pelagic swarmers (epitokes; see below), such 

as members of Nereidae, Syllidae, and Eunicidae. Rupture is 

also typical of species such as shimmy worms (Nephtyidae) 

and bloodworms (Glyceridae) that have protonephridia as 

adults. Because the inner ends of the protonephridia are 

capped by terminal cells, which do not allow eggs or sperm to 

pass, the simplest (but fatal) option is to release the gametes 

like seeds bursting from a milkweed pod. 
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FIGURE 13-26 Polychaete metanephridial systems. A, Podocytes (po) on the wall of a segmental blood vessel 
(bv) of the palp worm Spio setosa (Spionidae). B-D, Metanephridia of three polychaetes: B, The palp worm 
Polydora (Spionidae; this nephridium also fabricates spermatophores); C, The feather-duster worm, Pomatoceros 

(Serpulidae); D, The ragworm. Nereis vexillosa (Nereidae). (A, From Smith, P. R., and Ruppert, E. E. 1988. Nephndia. 

In Westheide,' W., and Hermans, C. O., (Eds.): Ultrastructure of Poly chaeta. Microfauna Marina. 4:231-262, Gustav Fischer 

Verlag, Stuttgart and New York. B, From Rice, S. A. 1980. Ultrastructure of the male nephridium and its role in spermatophore 

formation in spionid polychaetes (Annelida). Zoomorphologie 95:181-194; C, After Thomas; D, After Jones.) 

Epitoky 
Epitoky is a reproductive phenomenon characteristic of many 

polychaetes that is especially well known in nereids, syllids, and 

eunicids. Epitoky is the formation of a pelagic, iepioductive indi- 

vidual, or epitoke, from a benthic, nonreproductive individual, 

the atoke. Epitoky coincides with gamete production and sexual 

maturity, but it also involves changes in nonreproductive struc- 

tures that adapt the worm for swimming and allow it to 

detect its mate. Such changes include enlargement of the eyes, 

modification of the parapodia and chaetae for swimming, 

enlargement of segments, and enhancement of the segmental 

musculature. 
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One or more epitokes can arise from the atoke either by 

metamorphosis of the entire individual, as in nereids, or by 

differentiation and separation (budding) of the epitoke from 

‘A P?a,"°r lA'f °f the atoke’s body as in eunicids and syllids 
(Fig. 13-29A-C). 7 

Often the gamete-bearing segments of the epitoke are 
the most strikingly modified, making the body of the worm 

appear to be divided into two markedly different regions. 

°r examPle> the epitokes of Nereis irrorata and N. succinea 

have large eyes and reduced prostomial palps and tentacles 

(Fig. 13-30). The anterior 15 to 20 trunk segments are not 

gieatly modified, but the remaining segments, forming 

the epitokal region and packed with gametes, are much 

enlarged; their parapodia contain fans of long, spatulate, 

swimming chaetae. In Palola (Eunice) viridis, the Samoan 

palolo worm, the anterior end of the worm is unmodified 

and the epitokal region consists of a chain of egg-filled seg- 

ments (Fig. 13-29A). 
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FIGURE 13-28 Polychaete ovaries and testes are 
compact organs situated beneath the mesothelium. 
In ovaries, shown here, oogenesis may occur after 
eggs are released from the ovary into the coelom 
(A), or it may be completed within the ovary (B-D). 
(From Eckelbarger, K. J. 1983. Evolutionary radiation in 

polychaete ovaries and vitellogenic mechanisms: Their 

possible role in life history patterns. Can. J. Zool. 

61:487-304.) 

Swarming 
Epitoky is a polychaete adaptation to synchronize sexual matu- 

ration and to ensure the proximity of mates during gamete 

release. Usually, many epitokes swim to the surface simul- 

taneously and shed eggs and sperm. This synchronous behavior 

is known as swarming. Experimental evidence indicates that the 

female produces a pheromone that attracts the male and stimu- 

lates shedding of sperm. The sperm in turn stimulate the shed- 

ding of the eggs. The male syllid Autolytus, for example, swims 

in circles around the female, touching her with his antennae 

and releasing sperm (Fig. 13-29D). 

Light cues are often important in synchronizing swarming. 

Autolytus edwardsi, for example, is induced by changes in the 

light intensity at dawn and dusk to leave the bottom and swim 

to the surface. Swarming may also be affected by lunar peri- 

ods. The Bermuda hreworm, Odontosyllis enopla (fig. 13-37A), 

of the West Indies and Bermuda, swarms in the summer begin- 

ning 3 days after the full moon (for up to 12 days each 

month) and 56 min after sunset. The females swim in circles 

at the surface while emitting a steady bioluminescent glow 

that attracts the males below. The males, called blinkers, 

swim rapidly upward toward the female, flashing intermit- 

tently until one reaches her. Then both male and female spew 

gametes in a stunning luminescent finale. The spent males 

and females return to the bottom and convert back into 

atokes. Striking examples of swarming lunar periodicity are 

also displayed by the so-called palolo worms of the South 

Pacific. The name palolo originally referred to the Samoan 

Palola viridis (Eunicidae; Fig. 13-29A), but it is now applied to 

other species. The Samoan palolo worm occupies rock and 

coral crevices below the low-tide mark and releases epitokes in 

October or November at the beginning of the last lunar 

quarter. Female epitokes can exceed 1 m in length, and local 

enthusiasts, who consider the epitokes a great delicacy 

(annelid caviar), eagerly await the predicted night of swarm- 

ing and scoop great numbers of the gravid worms from the 

ocean surface. 

The West Indian palolo, Eunice schemacephala, lives in habi- 

tats similar to those of the Samoan palolo. The worm is nega- 

tively phototactic and emerges from the burrow to feed only at 

night. Swarming takes place in July near the last quarter of 

a lunar cycle. At three or four o’clock in the morning during 
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FIGURE 13-29 Polychaete epitoky 
and epitokes. A, Palola viridis 

(Eunicidae), the Samoan palolo 
worm, with a posterior epitokal 
region. B, Posterior of Trypanosyllis 
(Syllidae), showing a cluster of 
budding epitokes. C, Budding of 
epitokes (stoionization, paratomy) 
in Myrianida pachycera (Syllidae). 
D, Syllid polychaetes during 
swarming. Male is swimming around 
female and releasing sperm. (A, After 
Woodworth fromFauvel; B, After Potts 

from Fauvel; D, From Girdholm.) 

that period, the worm backs out of its burrow, and the caudal 

sexual epitokal region breaks free. The epitoke heads for the 

surface and swims slowly, spiraling. At first light, the ocean is 

blanketed with ripe sexual -bodies, and as the sun rises above 

the horizon, the epitokes burst and saturate hectares of sea 

surface with gametes. Fertilization follows quickly and a new 

generation dawns on the palolos. One day later, the embryos 

aie ciliated larvae, which two days later sink to the bottom and 

metamorphose into juvenile worms. 

Endocrine Control of Reproduction 
Polychaete reproductive events are regulated by hormones. 

The hormones are neurosecretions produced by the brain or, 

in the case of syllids, by nervous elements of the sucking 

foregut. In worms such as nereids and syllids that reproduce 

only once and then die, the hormone regulates the entire 

lepioductive state, both the production of gametes and the 

development of epitokal features. In worms that breed more 
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FIGURE 13-30 A, Male epitoke of Nereis irrorata (Nereidae). The 
enlarged, posterior reproductive segments bear the sperm. Note also 
the greater length of the swimming chaetae on the posterior segments. 
B and C, Parapodia of atoke (B) and epitoke (C) of the N. irrorata male. 
(A, After Rullier from Fauvel; B and C, After Fauvel.) 

than once, a hormone is required for gamete development, 

especially for eggs, and the hormone effect is largely limited 

to that process. 

The precise mechanisms that control swarming and the 

relationship between swarming and normal control of repro- 

duction are still poorly understood. The relation of lunar 

phases to swarming periods differs among species, and swarm- 

ing occurs even on cloudy nights. This makes any hypothesis 

based merely on light intensity difficult to support. 

FIGURE 13-31 Polychaete egg capsules and brooding. A, Egg jelly 
mass attached to the end of the tube of the bamboo worm, Axiothella 
mucosa (Maldanidae). B, The syllid Autolytus carrying the egg mass 
beneath its body. (A, From Ruppert and Fox, 1988; B, From Ihorson.) 

Oviposition 
Many polychaetes shed their eggs freely into the seawater, 

where after fertilization they become planktonic. Some poly- 

chaetes, however, retain the eggs within their tubes or burrows 

or lay them in jelly masses that are attached to tubes or other 

objects. For example, Axiothella (Fig. 13-31 A), a bamboo worm, 

produces an ovoid egg mass resembling a large transparent 

grape that is attached to the chimney of its tube. 

Many polychaetes brood their eggs. A few tube-dwellers, 

such as some spionids and serpulids, brood eggs in their tubes. 

Some species of Spirorbis brood in the cavity of the operculum, 

and Autolytus broods its eggs in a secreted sac attached to the 

ventral surface of the body (Fig. 13-31B). A few species, such as 

Nereis limnicola, gestate eggs in the coelom. 

Development and Metamorphosis 
The polychaete egg contains a variable amount of yolk, 

depending on the species, but cleavage is spiral and holoblas- 

tic. A displaced blastocoel is usually present, but a stereoblas- 

tula develops in Nereis, Capitella, and others. Gastrulation takes 

place by invagination, epiboly, or both. 

After gastrulation, the embryo rapidly develops into a 

top-shaped trochophore larva (Fig. 13-32A,B, 13-33A). The 

greatest development of larval structures is attained in plank- 

totrophic trochophores (including Owenia, Polygordius, Phyl- 

lodocidae, and Serpulidae; Fig. 13-33E). The trochophores of 

many species, however, are lecithotrophic, that is, yolky and 

nonfeeding (such as Nereidae and Eunicidae), and their short 

larval existence is spent near the bottom. 

Polychaete metamorphosis transforms the trochophore 

into the juvenile body (Fig. 13-32). The most conspicuous fea- 

ture of metamorphosis is the gradual lengthening of the body 

from immediately in front of the growth zone — the region 

anterior to the telotroch — as trunk segments form and 

develop (Fig. 13-32). The pretrochal region and apical plate 

form the prostomium and the brain, while the post-telotrochal 

region becomes the pygidium. 

Metamorphosis may result in the immediate termination of 

a planktonic existence, but more often the elongate, meta- 

morphosing larvae remain planktonic for varying lengths of 

time. The metamorphosing stages of spionids, sabellariids, 

and oweniids even have greatly enlarged, erectile, protective 

anterior chaetae. 

In many polychaetes the trochophore stage is passed in the 

egg prior to hatching, which occurs at various times during 

advanced development. In such species metamorphosis is less 

drastic because larval structures never fully develop. Even 

when the trochophore stage is bypassed, however, a post- 

trochophoral stage may hatch and swim for a while in the 

plankton. For example, in Autolytus an elongate larva breaks 

free from the brood sac of the mother. On the other hand, 

Axiothella mucosa and Scoloplos armiger have direct development 

and the juveniles emerging from the jelly capsule immediately 

assume the adult mode of existence. 

The developmental patterns of the small number of stud- 

ied polychaetes fall into three categories. Annual species, 

those that live only one or two years and spawn only once, 

produce a large number of relatively small eggs. They have 

well-developed, feeding larvae that are planktonic for a week 
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FIGURE 13-32 Polychaete trochophore larvae and metamorphosis. Larval and juvenile stages of the 
bloodworm Glycera convoluta (Glyceridae). A, Early trochophore (15 h); B, Later trochophore (10 days); C, Young 
metatrochophore (4 weeks); D, Metatrochophore at 7 weeks. Although still a swimming stage, it frequently 
comes to rest on the bottom. Metamorphosis follows this stage. E, Juvenile at 8 weeks. F, Young worm at 
2 months. Compare with Figure 13-39A. (Redrawn after Cazaux, C. 1967. Development of Glycera convoluta. 

Vie et Milieu 18:559-571) 

oi more. Perennial species, which live and breed for more 
than one year, produce a small number of large, yolky eggs 

and nonfeeding, benthic larvae. Multiannual species, those 

with such shoit life spans that several generations can be pro- 

duced in one year, produce numerous small batches of large, 

yoiky eggs that become nonfeeding, benthic larvae. 

Population Biology 
Burrowing and tube-dwelling polychaetes commonly occur in 

enormous numbers on the ocean floor and compose a major 

part of the soft-bottom infauna. In Tampa Bay, Florida, for 

example, the average density of polychaetes is 13,425 individ- 

uals pet square meter. They belong to some 37 species. On 

the upper continental slope and the deep ocean floor, poly- 

chaetes compose 40 to 80% of the infauna. 

Population estimates have been obtained for the little 

burrowing opheliid Euzonus (Thoracophelia) mucronatus, which 

occurs in dense aggregations on protected intertidal beaches 

along the Pacific coast of the United States. In such aggregations 

the number of worms averages 2500 to 3000 per 30 square cen- 

timeters. Worms occupying a typical strip of beach 1.5 km long, 

3 m wide, and 30 cm thick ingest approximately 13,270 metric 

tons of sand each year. 

In general, such populations do not appear to be limited by 

food resources, at least not in shallow water. Predation and 

other pressures usually prevent annelid, mollusc, and other 
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FIGURE 13-33 Polychaete larvae. A, Trochophore of the ragworm Platynereis bicanaliculata (Nereidae). 
8, Later, three-chaetiger stage (nectochaeta) of Platynereis. C, Late metatrochophore (nectochaeta) of the 
scaleworm Halosydna brevisetosa (Polynoidae). D, Larva of the mason worm, Phragmatopoma (Sabellariidae; 
t = telotroch). E, Trochophore, called a mitraria, of the shingle-tube worm Owenia (Oweniidae). (A-C, From 

Blake, J. D. 1975. The larval development of Polychaeta from the northern California coast. III. Eighteen species ofErrantia. 

Ophelia 14:23-84. D, From Eckelbarger, K.J. 1976. Larval development and population aspects of the reef-building 

polychaete Ph ragmatopoma lapidosa from the east coast of Florida. Bull. Mar. Sci. 26:117-132.; E, After Wilson from 

Smith, P. R., Ruppert, E. E., and Gardiner, S. L. 1987. A deuterstome-like nephridium in the mitraria larva of Owenia 

fusiformis (Polychaeta, Annelida). Biol. Bull. 172:315-323.) 

infaunal populations from ever reaching the carrying capacity 

of the habitat. When areas in the York River estuary of the 

Chesapeake Bay were protected from fish and crabs by means 

of wire cages, over half of the species in the polychaete popu- 

lation increased from two to many times their numbers in 

unprotected conditions. 

DIVERSITY OF POLYCHAETA 

Scolecida 
Prostomial appendages are absent, but two or more pairs of cirri 

are on the pygidium. Most are burrowers or tube dwellers with 

a bulbous protrusible pharynx. Sediment is directly ingested 

with nonmuscular pharynx and mouth (direct deposit feeders; 

Fig. 13-34, 13-35, 13-36). “Sedentary” polychaetes. 

ArenicolidaeF: Lugworms are common direct deposit 

feeders. Arenicola (and Abarenicold) lives in an L-shaped 

burrow that opens to the surface on the long side 

(Fig. 13-34, 13-35). The head of the worm is situated at 

the blind end of the horizontal part of the burrow, where 

sand is continually ingested by means of a simple phar- 

ynx. The ingested sand is rich in surface organic mate- 

rial, which tumbles into the surface depression above the 

animal’s head and slumps downward to the worm. Cilia 

in the everted pharynx drive loose particles into the gut, 

and some particle sorting occurs. In a distinct rhythm, 
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FIGURE 13-34 Polychaete diversity (Scolecida). A, The lugworm 
Arenicola (Arenicolidae) in its burrow. Arrows indicate the direction of 
water flow produced by the worm. The worm ingests the column of sand 
on the left, through which water is filtered. The pile of sand at the 
burrow opening is defecated castings. B, Tracing of activity cycles of 
Arenicola over a period of six hours. The downstroke reflects the worm 
backing up to the burrow opening to defecate; the sharp upstroke 
reflects the worm moving back down to the head of the burrow and 
vigorously resuming ventilation contractions and deposit feeding. 
Intervals between defecations are about 40 min. (B, After Wells from Newell, 

R. C. 1970. Biology of Intertidal Animals. American Elsevier Co., New York.) 

the feeding halts and the worm backs up to the top of the 

tube to defecate the mineral particles (castings) passed 

through the gut (Fig. 13-34B). The worm irrigates the 

bin row by peristaltic contractions that drive water into 

the burrow opening. Water leaves the burrow by percolat- 

ing up through the sand. 

Maldanidae . Bamboo worms, such as Clymenella and Axio- 

thella, are deposit-feeding tube dwellers. Their sand-grain 

tubes, which resemble beverage straws, are common in the 

intertidal zone. Bamboo worms have wedgelike heads; 

long, distinct segments and segment joints that have the 

appearance of bamboo cane and its joints; and parapodia 

reduced to low ridges (Fig. 13-36B-D). The worms live 

upside down in their tubes and ingest the substratum from 

below. 

CapitellidaeF: Earthwormlike with reduced parapodia and 

no head appendages. Like earthworms, most feed on sed- 

iment as they burrow through it. Most capitellids are 

red because of abundant hemoglobin in the coelomic 

fluid. Pressurized coelomic fluid everts the thin-walled 

pharynx (Fig. 13-21), which in living animals resembles 

a blood blister. Most capitellids are small, but one, the 

giant (80 cm) Notomastus lobatus (maitre d’worm), lives in 

clayey sediment along the southeastern coast of the 

United States. It occupies a permanent helical burrow 

that it shares with no fewer than eight species of com- 

mensals, including one scaleworm and two other poly- 

chaetes, three clams, a crab, and an amphipod. Capitella. 

OrbiniidaeF: Earthwormlike in form and habits. They are 

often red or orange, depending on species. The pro- 

stomium lacks appendages. Proceeding from anterior to 

posterior along the body, the parapodia shift from lateral to 

dorsal. The eversible pharynx resembles that of capitellids, 

but orbiniids such as Orbinia ornata and Scoloplos rubra (Fig. 

13-24D) have paired comblike gills, derived from dorsal 

cirri, that arch over their backs. 

OpheliidaeF: Includes burrowers that ingest sediment with an 

eversible bulbous pharynx. They often have lateral gills, and 

sometimes lateral eyes. Some, such as Travisia, resemble short, 

fat, sluggish grubs. Ophelia and Armandia are fishlike, stream- 

lined, and fast, being adapted to live in current-swept sand 

(Fig. 13-36A). They move like fish, too, swimming rapidly 

through either loose sand or water. Among other adaptations 

for swimming, their pygiclium is modified into a tail fin. They 

so closely resemble amphioxus (Chordata) that collectors 

often mistake the annelid for the chordate. Euzonus. 

Palpata 
Sister taxon of Scolecida. Have a pair of sensory palps on the 

prostomium (sometimes translocated to the peristomium). 

ACICULATA 
Diverse taxon that includes 39 families and many familiar and 

distinctive polychaetes, such as the bloodworm Glycera, the 

ragworm Nereis, and most of the pelagic polychaetes. All have 

well-developed biramous parapodia with at least one aciculum 

in the notopodium and neuropodium. Dorsal and ventral cirri 

are present; prostomium bears four, three (primitive), or two 

antennae. They have diverse lifestyles and feeding habits, but 

all are active, mobile worms, formerly called “errant” (Erran- 

tia) in contrast to all other polychaetes, which were classified 

previously as “sedentary” (Sedentaria). 

PhyllodocidaO 
Aciculates having a tubular, muscular, eversible pharynx. The 

pharynx is in line, or coaxial, with the esophagus. 

PhyllodocidaeF: Paddleworms such as Eteone, Eulalia, and 

Phyllodoce have greatly flattened, paddlelike notopodia that 

are used as gills (Fig. 13-1 IB, 13-12B, 13-23B, 13-37C). Car- 

nivores; actively crawl and seize prey with an eversible, 

muscular, unarmed pharynx. Eteone species find food by 

tracking the mucous trails laid down by prey on the sur- 

face of the mudflat. 
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FIGURE 13-35 Polychaete diversity (Scolecida). A, Lateral view of the lugworm Arenicola (Arenicoloidae). 
B, Transverse section of a chaetigerous segment of Arenicola marina. (A, From Brown, F. A. 1950. Selected 

Invertebrate Types. John Wiley and Sons, New York; B, Modified from Wells.) 

TomopteridaeF: Pelagic, transparent carnivores. Tomopteris 

is dorsoventrally flattened, lacks chaetae, and has very long 

cirri on segment 2 (Fig. 13-38A). 

AlciopidaeF: Pelagic, transparent carnivores. Vanadis and 

Rhynchonerella resemble paddleworms (Phyllodocidae), but 

have enormous, bulging eyes with which to locate prey 

(Fig. 13-18C, 13-38B,C). 

NereidaeF: Ragworms such as Nereis (and other genera) 

actively crawl, burrow, and occasionally swim. Pharynx is mus- 

cular, eversible, and has a pair of stout jaws (Fig. 13-10C, 

13-12A, 13-30). Head has two antennae, two palps, four eyes, 

and four pairs of tentacular cirri. Some, such as Nereis pelagicct, 

Nereis virens, and Nereis diversicolor, are omnivores that feed on 

algae, other invertebrates, and even detritus. Nereis succinea 

and Nereis longissima feed primarily on detritus in the sedi- 

ments. Nereis fucata, a commensal with the hermit crab, is 

carnivorous. Nereis brandti, of the northwest coast of the 

United States, reaches 1.8 m in length and feeds primarily on 

green algae. Ceratonereis, Platynereis. 

GlyceridaeF: Glycera (the bloodworm) and other genera 

occupy a subsurface gallery excavated in muddy bottoms 

(Fig. 13-39A). The gallery contains numerous loops that 

open to the surface (Fig. 13-39B). Lying in wait at the bottom 

of a loop, the worm uses its four tiny, vibration-sensitive 

antennae to detect surface movements of prey, such as small 

crustaceans. It then moves to the burrow opening and seizes 

the prey with its pharynx. 

The long, retracted (inverted) pharynx occupies ap- 

proximately the first 20 body segments. At the rear of the 

pharynx are four equidistant fangs. The pharynx is 

attached to an S-shaped esophagus. Septa are absent in 

the anterior segments (and reduced elsewhere) and the 

inverted pharynx lies free in the coelom. Just prior to 

pharynx eversion, longitudinal protractor muscles con- 

tract violently, sliding the pharynx forward and straighten- 

ing out the esophagus. Contraction of body-wall muscles 

then everts it with explosive force, and the four fanglike 

jaws are exposed at the tip (Fig. 13-39C). Each hollow jaw 
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A B C 

FIGURE 13-36 Polychaete diversity (Scolecida). A, The burrowing, amphioxus-like polychaete Ophelia 

denticulata (Opheiiidae) in lateral view. Note the small, pointed prostomium at left. The long projections are 

gills. B, The bamboo worm, Clymenella torquata (Maldanidae). Bamboo worms live head down in their tubes 

and excavate subsurface caverns. Two commensals, a tiny clam, Aligena elevata (C), and an amphipod, Listriella 

clymenellae (D), share the protective retreat created by Clymenella. (B-D, From Ruppert, E. E., and Fox, R. S. 1998. 

Seashore Animals of the Southeast. University of South Carolina Press, Columbia SC. 429 pp.) 

Proventriculus 

B 

C 

FIGURE 13-37 Errant polychaete diversity 

(Palpata, Aciculata). A, The Bermuda fireworm, 

Odontosyllis enopla (Syllidae; male epitoke). 

Note large eyes used to spot glowing females. 

B, The fireworm Hermodice carunculata 

(Amphinomidae), from a coral reef in the Florida 

Keys. When disturbed, these polychaetes shed 

some of their calcareous chaetae (white tufts), 

which contain an irritating toxin. The 

convoluted, brainlike structure (caruncle) on the 

head is the highly developed nuchal organ. 

C, The paddleworm Eulalia myriacyclum 

(Phyllodocidae) from beneath stones in southern 

Florida. (A, From Fischer, A., and Fischer, U. 1995. 

On the life-style and life-cycle of the luminescent 

polychaete Odontosyllis enopla (Annelida: 

Polychaeta). Invertebrate Zoology 114:236-247 

(Fig. 2). Reprinted with permission.) 
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FIGURE 13-38 Errant Polvchaete diversity (Palpata, Aciculata). Pelagic polychaetes. A, Tomopteris renata 
(Tomopteridae). B, Dorsal view of Rhynchonerella angelina (Alciopidae). C, A paddlelike, swimming parapodium 
of Rhynchonerella. (From Day, J. 1967. Polychaeta of South Africa. British Museum, London.) 

houses a canal that delivers poison from a gland at the 

jaw base, 

Glycerids are active animals that burrow by using the 

eversible pharynx to punch into the sediment. They can 

also swim with complex looping movements of the body. 

They are called bloodworms because the coelom is richly 

endowed with hemoglobin-containing cells, which slosh 

past the vestigial septa from one end of the body to the 

other. The hemal system is vestigial and the adults have 

protonephridia. 

NephtyidaeF: Similar to bloodworms (Glyceridae). Have a 

long, eversible pharynx, but only two jaws instead of four; 

carnivores of worms and small crustaceans. Nephtys and 

other nephtyids are called shimmy worms for their rapid, 

almost vibratory lateral undulations of the body while 

swimming or burrowing in loose sand (Fig. 13-40); some- 

times called cat worms because the anterior prostomial 

margin bears two triangular palps that resemble a cat’s 

ears. 

AphroditidaeF, PolynoidaeF, PolyodontidaeF, Sigalio- 
nidaeF: Scaleworms, called such because of two rows of 

overlapping scales on the dorsal surface resembling fish 

scales (Fig. 13-11 A, 13-41C). Each scale is a highly modi- 

fied dorsal cirrus called an elytron (pi., elytra) that is 

borne on a short stalk (Fig. 13-41B,C). A few scaleworms 

burrow (sigalionids), others are secretive and occupy 

tight crevices beneath stones (polynoids), a few live in 

secreted tubes (polyodontids), but most are commensals 

(polynoids) in the burrows and tubes of other inverte- 

brates or the shells of hermit crabs. Because most live in 

tight quarters, the scales may channel the ventilating 

water current between the scales and body wall. Elytra 

also bear a variety of sensory structures. In the scaleworm 

Aphrodite (the sea mouse), the entire dorsal surface, 

including the elytra, is covered with hairlike “felt” com- 

posed of long notopodial chaetae that trail back over 

the dorsal surface of the animal (Fig. 13-41A,B). Scale- 

worms are considered to be carnivores, but little is 

known about the feeding habits of commensal species. 

Aphroditidae: Aphrodite, Laetmonice; Polynoidae: Arctonoe, 

Halosynda, Harmothoe, Lepidasthenia, Lepidonotus; Polyo- 

dontidae: Polyodontes; Sigalionidae: Sthenelais. May also 

include Thalanessa. 

HesionidaeF: Active commensals or free living (Ophiodro- 

mus, Podarke) and a few tiny species in the interstitial habi- 

tat, the labyrinthine water-filled spaces between grains 

of sand. Of the latter, Hesionides (Fig. 13-42B) crawls 

in typical polychaete fashion using parapodia, but inter- 

stitial polychaetes of SaccocirridaeF, ProtodrilidaeF, Poly- 

gordiidaeF (Polygordius), and DiurodrilidaeF have lost the 

parapodia and rely on cilia for locomotion (Fig. 13-42C). 

Although previously classified as Archiannelida because 

of their simple body design (and small size), Diuro- 

drilidae is now considered to be a member of Eunicida 

(discussed below), whereas the remaining families are 

tentatively placed within Canalipalpata (also discussed 

below). 

Myzostomida0 

MyzostomidaeF: Commensals on sea lilies and feather stars 

or internal parasites of sea stars (Echinodermata). Myzo- 

stoma and relatives are little worms that rarely exceed 5 mm 
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FIGURE 13-39 Errant polychaete diversity (Palpata, Aciculata). A, The predatory bloodworm Glycera americana 
(Glyceridae), a common burrowing polychaete found along the east coast of the United States. Note the pointed 
prostomium. B, Burrow system of G. alba, showing worm lying in wait for prey. C, Everted pharynx showing four 
hollow teeth (jaws) through which poison is discharged. (B, After Ockelmann and Vahl; C, After Michel.) 

FIGURE 13-40 Errant polychaete diversity (Palpata, Aciculata). The 
predatory catworm or shimmy worm, Nephtys bucera (Nephtyidae). Note 
the catlike ears on the prostomium. These worms undulate rapidly 
while swimming. (From Ruppert, E. K, and Fox, R. S. 1988. Seashore Animals 

of the Southeast. University of South Carolina Press, Columbia. 429 pp.) 

in length and superficially resemble flatworms, but when 

disturbed they scoot rapidly away on stubby legs, each one 

terminating in a hooked chaeta (Fig. 13-42A). Oval body is 

greatly flattened; five pairs of parapodia on the undersur- 

facc. Parapodia, chaetae, and segmented nervous system 

indicate that Myzostomida belongs to Polychaeta, but its sis- 

ter taxon is unknown; placement in Aciculata is provisional. 

Some researchers include Myzostomida not with Annelida, 

but rather with Gnathifera (Chapter 23). 

Eunicida0 

Aciculates with five antennae and usually well-developed para- 

podial gills. The retracted eversible pharynx is slung ventrally 

below the level of the esophagus. 

EunicidaeF: Members have a muscular, eversible pharynx 

that bears two stout mandibles and other accessory teeth 

(Fig. 13-22). Includes the longest polychaete, Eunice aphrodi- 

tois, a 3-m-long carnivorore from the tropical Indo-Pacific. 

Palola (Fig. 13-29A), some species of which are known 

as palolo worms, are famous for epitokal swarming and 

their savory flavor. Marphysa (Fig. 13-1 ID) burrows in fine 

muddy sands, and Lysidice, like Palola, occurs in coralline 

rock. 

AmphinomidaeF: Mostly large, chiefly tropical, often beau- 

tifully colored, caterpillar-like fireworms (Fig. 13-24C, 

13-37B) are carnivores living on corals and driftwood, be- 

neath stones, occasionally in sediment. Eat coral polyps, 

anemones, stalked barnacles, and other sessile inver- 

tebrates by prying them loose with a muscular lower lip 



Ph
ot

og
ra

ph
 c

ou
rt

es
y 

of
 D

. P
. W

ils
on

. 
Polychaetac 447 

FIGURE 13-41 Errant polychaete diversity 

(Palpata, Aciculata). Scaleworms. A and B, The 

sea mouse, Aphrodite aculeata (Aphroditidae). 

A, Dorsal view of the living animal. The dorsal 

and lateral surfaces are covered by felt 

chaetae. B, Anterior end, including the first 

pair of dorsal scales, or elytra. Sea mice occur 

in Europe and on the northwestern and 

northeastern coasts of the United States. They 

live offshore, where they burrow in soft- 

bottom muds, leaving only their posterior end 

exposed at the surface. The ventral surface is 

free of felt and forms a flat, muscular, 

creeping sole. They ventilate their burrow by 

elevating the ventral surface, which pumps 

surface water into the burrow and moves it 

anteriorly along the sole. The sole is then 

depressed, forcing the water posteriorly in 

a channel formed by the dorsum and its 

covering scales. Movement of the scales also 

helps create the exhaust flow. C, Harmothoe 

aculeata (Polynoidae) is a common scaleworm 

found below rocks and in crevices on the 

east coast of the United States. The elytra 

bear many low sensory papillae on their 

upper surface. (B, From. Fordham; C, From 

Ruppert, E. E. and Fox, R. S. 1988. Seashore 

Animals of the Southeast. University of South 

Carolina Press, Columbia. 429 pp.) 

and sucking them in whole. Goose barnacles (Lepas) 

ingested whole and later defecated as museum-quality 

barnacle shells. Fireworms are notorious for their defen- 

sive chaetae, which are uniquely calcified, brittle, and 

toxic (Fig. 13-37B). When bare skin brushes against the 

chaetae, they penetrate the skin, break free of the 

worm, and create a burning pain. Avoided by fish and 

experienced scuba divers. Amphinome, Chloeia, Eurythoe, 

Hermodice. 

OnuphidaeF: Tube-dwelling aciculates; tubes are protec- 

tive retreats and the occupants crawl actively within them 

by using well-developed parapodia. Diopatra, Onuphis, and 

Americonuphis (Fig. 13-9, 13-43A) build tough, conspicuous, 

membranous tubes that project vertically above the surface 

of the sand. The tube’s chimney is crooked and flared 

like a ship’s ventilator funnel (Fig. 13-43B). The chimneys 

are covered with bits of shell, seaweed, and other debris 

that the worm collects and positions with its jaws. Such 
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FIGURE 13-42 Errant polychaete diversity (Palpata, Acicuiata). Commensal and interstitial polychaetes. 
A, Myzostoma (Myzostomida, Myzostomidae), a commensal on crinoids. B, Hesionides arenaria (Hesionidae), 
a minute polychaete no more than 2 mm in length that inhabits interstitial spaces of beach sands in northern 
Europe, The ventrally directed parapodia are adapted for crawling between sand grains. C, Polygordius 
neopolitanus, a threadlike interstitial polychaete. Segmentation is poorly indicated externally. The systematic 
position of Polygordius is uncertain, and it may properly belong to the Canalipalpata. (A, After McIntosh; B, From 

Ax, P 1966. Veroffenthlungen des Institut fur Meeresforschung Bremerhaven. Suppl. II. pp. 15-66; C, After Fraipoint.) 

ornamentation provides camouflage, and some worms 

graze on the algae planted on their own as well as their 

neighbors’ chimneys. 

Diopatra uses its tube as a lair (Fig. 13-43A) from which 

to ambush prey. The worm’s chemoreceptors monitor 

water flowing through the tube and detect the presence of 

approaching prey. The worm emerges from its tube and 

seizes the victim with its pharynx and pharyngeal teeth. 

During feeding the prey may be clasped with the enlarged 

anterior parapodia. Diopatra may also feed on dead ani- 

mals, organic debris, and small organisms, such as forams, 

that are near or attached to the tube. Americonuphis, 

Kinbergonuphis. 

SyllidaeF: The tiny, abundant, diverse syllids are the poly- 

chaete answer to mosquitoes (Fig. 13-37A). They pierce 

prey with a pharyngeal tooth and then suck out the 

contents with a specialized, muscular part of the pharynx, 

the proventriculus. Mostly in shallow water and common 

on coral reefs, in fouling communities. Typical prey are 

hydroids, sponges, bryozoans, and other sessile inverte- 

brates. Autolytus, Odontosyllis, Myrianida, Plakosyllis, Procer- 

aea, Syllis, Typosyllis, Trypanosyllis, and many others. 

OenonidaeF (formerly ArabellidaeF): Includes Arabella 

tricolor (the opalworm; Fig. 13-11C) and Drilonereis (the thread- 

worms; Fig. 13-44). Slender, often threadlike burrowers; some 

are direct deposit feeders, others are carnivores with well- 

developed pharyngeal jaws. Cuticle usually is glossy and irides- 

cent. Curiously, juveniles of several species are endoparasites 

in the coelomic cavities of other polychaetes and echiurans. 

Labrorostratus. 

LumbrineridaeF: Slender burrowers with reduced head ap- 

pendages, well-developed pharynx and jaws. Carnivores. 

Lumbrineris. 

lchthyotomidaeF: Ectoparasitic on eel fins. Ichthyotomus. 

CANALIPALPATA 
Sister taxon of Acicuiata. “Sedentary” species in tubes or semi- 

permanent burrows. Longitudinally grooved palps on pros- 

tomium, derived from prostomial sensory palps, are used for 

either deposit or suspension feeding, depending on taxon. In 

some, the palps have shifted to the peristomium. 

Spionida0 

Have palps on peristomium instead of prostomium, which is 

thought to have occurred by displacement of the original 

prostomial palps. 

SpionidaeF: Tube-dwelling palp worms are either surface 

deposit feeders or suspension feeders; some may be both. 

Two long peristomial palps project from the tube opening 

and extend over the bottom (Fig. 13-45). Particles that 

adhere to the surface are transported to the mouth in a cili- 

ated channel along the length of each palp. Tubes of 

Spio, Scolelepis, and Streblospio generally are soft, straight, and 
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FIGURE 13-43 Errant polychaete diversity (Palpata, 
Aciculata). A, The shaggy tube worm, Diopatra cuprea 
(Onuphidae), a common inhabitant of intertidal mudflats, 
and its characteristic downturned tube cap (B) in which 
plant fragments and other debris are embedded. Below the 
surface of the sand, the tube is free of foreign material and 
smooth. Note the prominent gills on the anterior segments. 
(From Ruppert E. E. and Fox, R. S. 1988. Seashore Animals of the 
Southeast. University of South Carolina Press, Columbia. 429 pp.) 

FIGURE 13-44 Errant polychaete diversity (Palpata, Aciculata). The 
threadworm, Drilonereis magna (Oenonidae), a predatory burrower 
with an eversible pharynx and well-developed jaws. Note the 
appendageless conical prostomium adapted for burrowing. (From 
Ruppert E. E. and Fox, R. S. 1988. Seashore Animals of the Southeast. 
University of South Carolina Press, Columbia. 429 pp.) 

cylindrical and have incorporated sand or mud, but the 

suspension-feeding Polydora bores into calcareous substrates, 

including the shells of living oysters, in which they form 

unsightly shell “blisters.” 

MagelonidaeF: Shovel-headed borrowers that have a stiff, flat, 

spatulate prostomium that overhangs the mouth (Fig. 13-46). 

The long peristomial palps are covered with short, sticky 

papillae that collect and pass deposited organic particles to 

the mouth. The threadlike worms are violet because of 

hemerythrin-containing hemocytes, unique among polychaetes. 

Magelonids such as Magelona are the only polychaetes with 

cross-striated muscles, the significance of which has yet to be 

determined. 

ChaetopteridaeF: Filter feeders that have straight (vertical) 

or U-shaped tubes partially buried in sand on protected 

beaches. Chaetopterus, Mesochaetopterus, Spiochaetopterus filter 

feed with one or more mucous nets suspended inside of 

the tube. As the water passes through, plankton are 

strained out and periodically the net and food are rolled 

up into a ball and swallowed. 

The bizarre Chaetopterus variopedatus (parchment-tube 

worm) is the largest and best known of all chaetopterids 

(Fig. 13-47A). It secretes and occupies a tough, opaque, 

U-shaped tube approximately the diameter and shape of 

a large banana. The two open, tapered ends project 

vertically above the surface of the beach and the 

remainder is buried horizontally below. The soft, pale, 

and fragile worm is reminiscent of an internal organ, so 

completely is it adapted to its protected tube environ- 

ment. The body is strongly regionally specialized and 

the anterior half is downright weird. The long, paired 

notopodia on segment 12 are shaped like scythe blades 

and are called aliform (winglike) notopodia. Their epi- 

dermis is ciliated and richly supplied with mucous 

glands. Notopodia on segments 14 to 16 are expanded 

and fused, forming three semicircular fans that expand 

like piston rings against the cylindrical wall of the tube 

(Fig. 13-47C). 

While feeding, the outstretched aliform notopodia 

arch over the dorsal side of the body and contact each 

other at their tips to form a hoop, which presses against 

the inner contour of the tube. Mucus secreted continu- 

ously from the notopodial hoop forms a net similar to 

the net attached to a basketball hoop. The net extends 

posteriorly until it is grasped and constricted by a ciliated 

cup on the mid-dorsal body wall a short distance behind 

the aliform notopodia. Rhythmic beating of the notopo- 

dial fans generates a water current that enters the 

inhalant chimney of the U-shaped tube, flows through 
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FIGURE 13-45 Polychaete diversity (Palpata, 

Canalipalpata). Palp worms (Spionidae). A, Palps of a 

spionid polychaete projecting from its sand-grain tube 

The ciliated groove of the palp conveys to the mouth 

detritus picked up from the substratum or suspended 

in the water. B, Ventral view of anterior end of Sp/o 

pettiboneae, showing the base of palps and mouth. 

FIGURE 13-46 Polychaete diversity (Palpata, Canalipalpata). The 

shovel-headed worm Magelona phyllisae (Magelonidae). Note the 
sticky papillae on the palps. Right-side of figure shows worm in feeding 

position. (From RuppertK E., and It S. Fox, 1988. Seashore Animals of the 

Southeast. University of South Carolina Press, Columbia. 429 pp.) 

the mucous net and tube, and then exits through the ex- 

halant chimney. Plankton and detritus are filtered from 

the water flow by the mucous net. The food-laden mu- 

cous net is continuously rolled up into a ball by the cili- 

ated cup. When the ball reaches a certain size, the net is 

cut loose from the aliform notopodia and incorporated 

into the ball. The cup then projects forward and deposits 

the food ball onto a ciliated mid-dorsal groove, which 

transports it to the mouth at the anterior end of the 

worm. 

A large, potentially fouling object brought into the 

tube by the water current is detected by peristomial sen- 

sory cilia and the aliform notopodia retract to allow the 

object to bypass the net. An 18- to 24-cm-long specimen of 

Chaetopterus may produce a mucous net at the rate of 

approximately 1 mm/s, with food balls averaging 3 mm in 

diameter. 

Paradoxically, Chaetopterus is strongly bioluminescent 

although it permanently occupies an opaque tube. The 

bioluminescence is produced by bacteria and released in 
the worm s body mucus. Observations of bioluminescence 

emanating from the submerged tube ends suggests that 

the worm may discharge its luminous mucus to startle 

would-be predators nibbling on its tube ends. 

Terebellida0 

Terebellidans have numerous peristomial feeding “tentacles” 

(palps). 

TerebellidaeF: Spaghetti worms (Fig. 13-24B, 13-48A) oc- 

cupy tubes or simple vertical or U-shaped burrows in the 

sediment. Prostomial sensory appendages are absent, but 

clusters of highly extensible tentacles are borne on the 

head (Fig. 13-48A). Movement through the burrow usually 

is by peristaltic contractions. The parapodia are greatly 

reduced and are in part represented by transverse ridges 

provided with uncini, which grip the sides of the burrow. In 

terebellids such as Amphitrite, which occupies a U-shaped 

burrow, the hooks are oriented oppositely on the anterior 

and posterior ends of the animal. As a result, attempts 

to pull the worm from either the head or tail end of its 
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FIGURE 13-47 Polychaete diversity (Palpata, Canalipalpata). The parchment-tube worm, Chaetopterus 
variopedatus (Chaetopteridae), a tube-dwelling, subsurface filter feeder. A, Anterior part of the body (dorsal 
view). B, Worm in tube (lateral view). Arrows indicate direction of water current through the tube. C, Side views 
of active fan parapodia of Chaetopterus during one pumping cycle. The worm is in a glass tube and anterior is 
to the left. (A and B, After MacGinitie; C, From Brown, S. C. 1975. Biomechanics of water-pumping by Chaetopterus 
variopedatus Renier. Skeletomusculature and kinematics. Biol. Bull. 148:136-150.) 

burrow are opposed by the uncini. Other common genera 

include Lanice, Lysilla, Terebella, Thelepus. 

When terebellids feed, the tentacles extend outward 

over the surface of the sediment by ciliary creeping, then 

each rolls ventrally to form an inverted gutter (Fig. 

13-48A-C). Surface detritus adhering to mucus secreted 

by the tentacle is transported along the ciliated gutter and 

accumulates at the base of the tentacles, each of which is 

wiped over the upper lip bordering the mouth. Cilia on 

the lip then drive the food into the mouth (Fig. 13-48D). 

The tentacles of some large tropical species, such as 

Eupolymnia crassicornis, reach a meter or more in length 

and stream over the surface of the sand like active strands 

of spaghetti. 
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FIGURE 13-48 Polychaete diversity 

(Palpata, Canalipalpata). Deposit 

feeding spaghetti worms (Terebellidae). 

A, Amphitrite ornata at the aperture of 

its U-shaped burrow with tentacles 

outstretched over the substratum. 

B, Cross section through a tentacle of 

Terebella lapidaria creeping over the 

substratum. C, Section of a tentacle of 

T, lapidaria rolled up to form a ciliary 

gutter, transporting deposited material. 

D, Tentacle being wiped by one of the 

lips. (B-D, After Dales.) 

AmpharetidaeF: Ampharete and Melinna (spaghetti-mouth 

worms) are surface deposit feeders similar to terebellids 

that use extensible tentacles. Unlike terebellids, however, 

the tentacles originate from the roof of the mouth and can 

be withdrawn into it. Ampharetids occupy straight, vertical 

tubes, from which they emerge headfirst to feed on detritus 

(Fig. 13-49B). 

CirratulidaeF: Fringed worms, such as Cirratulus and Cirri- 

formia, are burrowers that deposit feed with a single pair, 

or two anterior clusters, of long feeding palps. A pair of 

long gill filaments, similar in appearance to the palps, 

occurs on each of many body segments (Fig. 13-24A). 

Dodecaceria. 

PectinariidaeF: Amphictene, Cistenides, and Pectinaria (scapho- 

podlike ice cream cone worms) construct a conical, one- 

layer-thick tube of cemented sand grains (Fig. 13-49C.D). 

The tube is open at its base and apex and the worm occu- 

pies it with its head at the broad basal end. Tube and worm 

aie oiiented head down in fine sand; the tube apex projects 

just above the sediment surface. Organics-rich sand is shov- 

eled into the mouth with short, stout, golden chaetae 

(paleae), which together function as an operculum to close 

the tube aperture when the worm withdraws. Feces are 

released to the surface of the beach through the tube apex, 

which also provides an inlet for ventilating the gill surfaces. 

FlabelligeridaeF: Burrowers with cephalic gills that can be 
i< tracted with the prostomium into the anterior segments. 

Extended gills and feeding palps are enclosed in a “cage” of 

long anterior chaetae. Cuticle has embedded sand grains. 

Hemocytes have chlorocruorin. Flabelligera, Piromis. 

Sabellida0 

Suspension feeders having a crown of tentacles in the form of 
a tiara, funnel, spiral, or bilobed fringe. Prostomium and peri- 

stomium are fused. 

OweniidaeF; Owenia fusiformis (shingle-tube worm; Fig. 

13-49A) builds a cylindrical tube of flat shell fragments 

incorporated into the organic tube fabric like overlap- 

ping roof tiles or shingles. The tube, head-end up, is ori- 

ented vertically in the beach and projects slightly above 

the sediment surface. The free edges of the shell shingles 

are oriented upward, making it difficult for a bird or cur- 

rent to dislodge the tube from the sand. The overlapping 

arrangement of the shell fragments also allows the tube 

to elongate, shorten, and bend as the worm within it 

moves. According to an early investigation, Owenia is able 

to burrow through sand while occupying its flexible tube. 

Owenia deposit and suspension feed with a crown of 

short, branched tentacles (Fig. 13-19). Sediment particles 

are collected during feeding and those suitable for tube 

construction are stored in a ventral pouch below the 

mouth. During construction of the tube, the movable 

pouch fastens a fragment to the margin of the tube. 

The membranous tube lining is secreted by paired glands 

in each of the first seven trunk segments. The secretion 

is applied by parapodial chaetae as the worm revolves. 

Myriochele. 

SabellariidaeF: Sabellaria and Phragmatopoma (mason worms) 

build straight or curved cylindrical sand-grain tubes with 

walls more than one grain thick (Fig. 13-50A,B). The worms 

typically aggregate, sometimes by the millions, and 

cement their tubes together to form hard crusts or boulder- 

size mounds that resemble giant honeycombs. In warm- 

water areas such as the eastern coast of southern Florida 

and parts of England, these shallow-water structures form 

reefs (Fig. 13-50C,D) that often are degraded by storms but 

quickly rebuilt. Anteriorly, two fused segments have grown 

forward and dorsally to form an operculum for blocking the 

tube entrance (Fig. 13-50A,B). 

SabellidaeF, SerpulidaeF, SpirorbidaeF: Among the most 

beautiful of the sedentary polychaetes are the fan worms, 
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FIGURE 13-49 Polychaete diversity (Palpata, Canalipalpata). Deposit-feeding polychaetes. A, The shingle-tube 
worm, Owenia fusiformis (Oweniidae), which also suspension feeds, shown in its tube of flat shell fragments 
(foreground) and removed from its tube. B, The spaghetti-mouth worm, Melinna macuiata (Ampharetidae), 
surface deposit feeding using its oral tentacles. C, The ice cream cone worm, Pectinaria gouldii (Cistenides gouldi; 
Pectinariidae). The hard conical tube is constructed of a single layer of quartz sand grains. D, Pectinaria digs with 
its stout chaetae (paleae). (From Ruppert, E. E., and Fox, R. S. 1988. Seashore Animals of the Southeast. University of 
South Carolina Press, Columbia. 429 pp.) 

feather-duster worms, or Christmas-tree worms. These fami- 

lies have prostomial palps that form a funnel-shaped or 

spiral crown of from a few to many bipinnate tentacles 

called radioles; the side branches of each are the pinnules 

(Fig. 13-51 A, 13-52A). The radioles are rolled up or folded 

together as the worm withdraws into its protective tube. 

Sabellids build membranous or sand-grain tubes. Because 

serpulids and spirorbids secrete calcareous tubes attached 

to rocks, shells, or algae, they can live protected on more or 

less exposed substrata. The most dorsal radiole on one or 

both sides of a serpulid or spirorbid is modified into a long, 

stalked knob, the operculum (Fig. 13-51B,C), which acts as 

a protective tube plug when the crown is withdrawn. Sabel- 

lids lack an operculum, but when the animal withdraws 

into its flexible organic tube, the opposite walls of the 

opening press together like closed lips. Sometimes, the 

compressed tube’s end folds over. 

The peristomial region is a distinct collar that folds over 

the rim of the tube opening and molds secreted tube 

material onto the growing rim of the tube. When additions 

are made to the tube, secretions flow out between the col- 

lar and the body wall. This space then acts as a mold in 

which the secretion hardens into a new ring that is grafted 

onto the end of the tube. The organic tube components 

are secreted from glandular areas on the ventral surface 

(shields) of the anterior segments. In serpulids, the collar 
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FIGURE 13-50 Polychaete diversity (Palpata, Canalipalpata). Mason 

worms (Sabellariidae). A, Ventral view of Sabellaria floridana removed 

from its sand-grain tube. Its suspension-feeding tentacles are expanded, 

and behind them are two lobes bearing golden chaetae that form a 

closing operculum when the animal withdraws into its tube. The soft 

tubular structure in the animal's midline is the reduced posterior end of 

the body, which bends anteriorly. It contains only the intestine and is a 

provision for releasing feces at the mouth of the tube. B, Opercular 

bundles of chaetae projecting from the tube mouth of S. vulgaris. Like 

S. floridana, this species builds sand-grain tubes attached to shells, 

stones, pilings, and other objects along much of the Atlantic coast of 

North America. Farther south and on parts of the California coast, other 

species build reefs as shown in C. C, An intertidal rock on the Cornish 

coast of England encrusted with the tubes of 5. alveolata, a species that 

forms colonies. Tubes are oriented at right angles to the substratum 

and are attached to each other like cells in a honeycomb. The scale is 

15 cm long. D, Enlarged view of a small area of crust surface showing 

the tube openings. 

bears two large calcium-carbonate-secreting glands that 

release calcareous crystals, which are added to the organic 

matrix. 

Sabella consUucts a tube of sand grains embedded in 

mucus. The worm sorts detritus collected by the ciliated 

radioles, and sand grains of suitable size for tube construction 

are stored in a pair of opposing ventral sacs below the mouth. 

The sac walls produce mucus, which is mixed with the sand 

grains. To make tube additions (Fig. 13-52A), the ventral 

sacs deliver a stringlike slurry of mucus and sand grains to a 
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FIGURE 13-51 Polychaete diversity (Palpata, Canaiipalpata). Filter-feeding fan, 
feather-duster, or peacock worms. A, Sabella pavonina (Sabellidae), showing the expanded 
radioles projecting from the apertures of their organic tubes. B, Hydroides (Serpulidae) with 
radioles and operculum extended from the end of the calcareous tube attached to a rock. 
C, Spirorbis (Spirorbidae), a common animal with a coiled calcareous tube found attached to 
a variety of substrata, including algae and seagrass. Cutaway of shell shows eggs being 
brooded in the tube. 

midventral division of the collar. As the worm rotates slowly in 

the tube, the collar acts like a pair of hands, molding and 

attaching the mucus-sand string to the rim of the tube. 

Lateral cilia on the pinnules create a water current across 

the wall of the radiolar funnel from outside to inside and 

the exhaust is discharged from the upper, wide end of the 

funnel. Particles are trapped on the downstream side of the 

pinnules and then transported into a food groove along 

the length of each radiole. Particles move down the food 

groove to the base of the radiole, where they are sorted 

according to size (Fig. 13-52B). The largest particles are 

rejected and fine material is carried by ciliated tracts into 

the mouth. Many sabellids sort particles into three grades 

and store the medium grade for use in tube construction 

(Fig. 13-52B). 

On coral reefs the paired, brightly colored, spiral radioles 

of Christmas-tree worms (the serpulid Spirobranchus) are 

common on the surface of living corals. The worms bore 

into and are protected by the coral skeleton. Boring is initi- 

ated by a newly settled juvenile, but the boring mechanism is 

still largely unknown. Sabellidae: Branchiomma, Manyunkia, 

Megalomma, Myxicola, Potamilla, Oriopsis, Spirographis; Serpuli- 

dae: Apotomus, Hydroides, Pomatoceros, Spirobranchus; Spiror- 

bidae: Filograna, Spirorbis. 

Pogonophora0 

The 80-plus species of beard worms are remarkable deepwater 

polychaetes associated with continental slopes and hydrothermal 

vents. All are slender (some threadlike), sedentary worms that 

occupy chitin-protein tubes. The smallest is approximately 5 cm 

in length and Riftia pachyptila of the Galapagos Rift is the giant, 

measuring up to 1.5 m in length and almost 4 cm in diameter 

(Fig. 13-53). 

Like many sedentary tube dwellers, the pogonophoran body 

exhibits pronounced regional specialization (Fig. 13-54A,B). 

The prostomium bears a “beard” of from 1 to many (up to 

200,000) long, slender palps (“tentacles”) that may be fused 

together into sheets in some species. The peristomium, called 

the forepart or vestimentum depending on taxon, secretes 

the tube. The long trunk is not conspicuously segmented, 

although it bears girdles of chaetae (uncini) in some species; 
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FIGURE 13-52 Polychaete diversity (Palpata, Canalipalpata). Filter-feeding feather-duster worms 

(Sabellidae). A, Anterior end of Sabella, showing the filter-feeding currents and tube building. B, Filter feeding 
in Sabella, showing water current (large arrows) and ciliary tracts (small arrows) over a section of one radiole. 

The letters a, b, and c indicate the different sizes of the particles sorted. (Modified after Nicol from Newell, R. C. 

1970. Biology of Intertidal Animals. American Elsevier Co., New York.) 

in others, trunk chaetae are absent. At the posterior end of the 

body is a short, bulbous opisthosoma composed of several 

short segments (up to 82), each of which has paired bundles of 

chaetae (also uncini). The opisthosoma and chaetae anchor 

the worm in its tube (Fig. 13-54C), allowing it to withdraw 

rapidly. 

Internally, coelomic compartments exist in each of the 

body divisions, and the head coelom extends into the tenta- 

cles. In the opisthosoma, septa occur between the segmental 

coelomic compartments (Fig. 13-55A), but the trunk has no 

septa and the coelom is continuous in this region. A well- 

dt\ eloped hemal system supplies each tentacle with two ves- 
sels. Hemoglobin usually occurs in the hemal system and 

sometimes also in the coelomic fluid. Pogonophorans have a 
paii of nephridia, probably modified protonephridia, situated 

in the prostomium or peristomium, but the nature of these 

organs is not yet clear. The nervous system consists of a nerve 

plexus at the base of the epidermis and an intraepidermal 

ventral nerve cord. 

Adult pogonophorans lack a mouth, anus, and normal 

digestive tract. The midgut consists of a mass of tissue called 
the trophosome that is packed with symbiotic bacteria (Fig. 

13-54D, 13-55). The bacteria oxidize sulfur-containing com- 

pounds and use the resultant energy to fix carbon. The 

pogonophoran host obtains its nutrition from the organic 

compounds synthesized by its bacteria and by lysis and subse- 
quent absorption of the bacteria themselves. The vascular 

hemoglobin, which accounts for the red color of the tentacular 
crown of Riftia and relatives, binds and delivers the large 

amounts of oxygen and sulfur-containing compounds required 

FIGURE 13-53 Polychaete diversity (Palpata, Canalipalpata). 

Pogonophora. The giant vestimentiferan tube worm, Riftia pachyptila, 

from the Galapagos undersea rift. 
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FIGURE 13-54 Polychaete diversity (Palpata, Canalipalpata). Anatomy and tube of Pogonophora. 
Vestimentiferan (A) and perviate pogonophoran organization (B). C, Tube of the vestimentiferan Ridgeia. D, Cross 
section of the trunk of the perviate Siboglinum, showing the trophosome (modified gut). (A, B, andD, Modified 

and redrawn from Southward, E. C. 1982. Bacterial symbionts in Pogonophora. J. Mar. Biol. Assoc. U.K. 62:889- 906; C, 

Modified and redrawn from Southward, E. C. 1988. Development of the gut and segmentation of newly settled stages of Ridgeia 

(Vestimentifera): Implications for relationship between Vestimentifera and Pogonophora. J. Mar. Biol. Assoc. U.K. 68:465- 487) 

by the chemoautotrophic bacteria. Supplementary nutrition 

may, however, be supplied by uptake of organic compounds 

dissolved in the surrounding seawater. Dependence on symbi- 

otic bacteria for nutrition is not unique to pogonophorans. 

This mode of nutrition is found in certain gutless clams and 

some other taxa, including other polychaetes and some 

marine oligochaetes. Pogonophoran juveniles have a complete, 

annelid-like gut. 

Most pogonophorans are gonochoric, having two gonads 

associated with the trunk coelom. The two male gonopores 

open dorsally on the anterior end of the trunk or on the 

peristomium. The female gonopores open onto the peri- 

stomium or on the trunk behind the male pores, depending 

on taxon. Beard worms package their sperm into sper- 

matophores. Sperm transfer, fertilization, and egg deposition 

have not been observed, but one specimen of Siboglinum 

was seen to move spermatophores to the mouth of the tube 

with its tentacles. The spermatophores perhaps reach the 

tubes of neighboring females by floating. The fertilized 

eggs of many pogonophorans are brooded in their maternal 

tube. 

Cleavage is bilateral, presumably derived from spiral cleav- 

age. The larvae of Ridgeia are clearly trochophores (Fig. 

13-56). Embryos of many pogonophorans are lecithotrophic 

and may develop directly in the adult or be released as pelagic 

lecithotrophs. Whether such larvae are dispersed by currents 

or quickly sink to the bottom is unknown. 

Pogonophora was formerly considered to be the sister 

taxon of Annelida and was assigned to the Linnean category 

of phylum. Once thought to be oligomeric coelomates with- 

out a gut, the discovery of a segmented opisthosoma with 

chaetae, a trochophore larva, and a juvenile with a complete 

gut all established pogonophorans as annelids. The pres- 

ence of grooved prostomial palps and uncini indicate that 

they are likely to be canalipalpatan polychaetes. Molecular 

systematic data also support the inclusion of Pogonophora 

in Polychaeta. 

PHYLOGENY OF POLYCHAETA 
The phylogeny shown in Figure 13-57 indicates two major 

polychaete clades, Scolecida and Palpata. Scolecids are deposit- 

feeding burrowers without head appendages, much like the 

presumed ancestor of annelids, while palpate polychaetes have 

PHYLOGENETIC HIERARCHY OF POLYCHAETA 

Polychaeta 

Scolecida 

Palpata 

Aciculata 

Canalipalpata 
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FIGURE 13-55 Polychaete diversity (Palpata, Canalipalpata). Pogonophoran coelomic anatomy. 
A, Vestimentiferan; B, perviate. (Modified and redrawn from Southward, E. C. 1988. Development of the gut and 

segmentation of newly settled stages o/Ridgeia (Vestimentifera): Implications for relationship between Vestimentifera and 

Pogonophora. J. Mar. Biol. Assoc. U.K. 68:465-487.) 

HGURE 13-56 Polychaete diversity (Palpata, Canalipalpata). Pogonophoran larval development. 
A. Trochophore of the vestimentiferan Ridgeia in lateral view. B, An early juvenile stage of the Ridgeia 

C Sagittal section of juvenile Ridgeia showing the presence of a typical annelidan gut. Later in development 
the gut and associated tissues become modified to form the trophosome. (A, After a sketch presided In S. L. 

Gardiner; B and C, Redrawn from Southward, E. C. 1988. Development of the gut and segmentation of newly settled stages of 

C.T-a (fs‘tmentlfm>: Implications for relationship between Vestimentifera and Pogonophora. /, Mar. Biol Assoc. UK 
68:464-487.) ° r j 
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Scolecida Aciculata Canalipalpata 

FIGURE 13-57 Phylogeny of Polychaeta. 1, Polychaeta: parapodia, 
nuchal organs, pedal ganglia, one pair of pygidial cirri. 2, Scolecida: 
two or more pairs of pygidial cirri. 3, Palpata: one pair of sensory palps 
on prostomium. 4, Aciculata: biramous parapodia, each having a 
notopodium and neuropodium; each parapodial lobe (ramus) has at 
least one skeletal rod (aciculum) linking parapodial muscle to the lobe 
and its chaetae; dorsal and ventral cirri on parapodia; antennae (two or 
three) on prostomium. 5, Canalipalpata: grooved feeding palps 
(transformed sensory palps) on prostomium or (secondarily) 
peristomium. (Modified after Rouse, G. W., andFauchald, K. 1997. 
Cladistics and Polychaetes. Zool. Scripta 26:139-204; and Ax, P 2000. 
Multicellular Animals. The Phylogenic System of Metazoa. Vol. II. Springer 
Verlag, Berlin.) 

head appendages and a wide variety of feeding modes and 

lifestyles. One can imagine, then, the polychaete progenitor 

emerging from the mud and radiating into crawlers, swimmers, 

and tube dwellers. If the first polychaete was a burrower like 

the parapodia-less annelid ancestor, what was the functional 

role of its parapodia? Perhaps, along with chaetae, they pre- 

vented backslipping as the head or pharynx pushed into the 

sediment? Or perhaps parapodia originally were little more 

than low ridges bearing the chaetae? An untested alternative is 

that the original annelids had parapodia, which were lost in 

earthworms and leeches (Clitellata) and reduced indepen- 

dently in several taxa of polychaetes. 

CLITELLATA  

The clitellate annelids, called girdle worms, include the 

earthworms, many small and inconspicuous worms, as well as 

leeches and their relatives. All clitellates lack parapodia and 

head and pygidial appendages. Clitellates have a clitellum, 

a series of anterior segments enclosed in a thick, glandular 

epidermis that often forms a conspicuous girdle around the 

body. The clitellum either encompasses the female gono- 

pores or is located behind them. The clitellum secretes 

mucus for copulation, nutritious albumen for eggs, and a 

cocoon in which eggs and albumen are deposited. In con- 

trast to the gonochoric spawning polychaetes, clitellates are 

copulating hermaphrodites. Clitellate gonads are always 

restricted to a few genital segments with the testes anterior to 

the ovaries. The zygotes develop in the cocoon and emerge 

as juveniles, so clitellates have direct development. Unlike 

the ancestral annelid and the polychaetes, the clitellate brain 

has shifted posteriorly from the prostomium to an anterior 

trunk segment. 

OLIGOCHAETAc 

The 3500-some species of oligochaetes include the earth- 

worms and many small freshwater and marine species. The 

small-bodied freshwater oligochaetes burrow in bottom mud 

and silt whereas others live among submerged vegetation. 

Of the 200 marine species, most are tiny animals that live 

between sand grains at depths from shallow intertidal beaches 

to the deep sea. The largest oligochaetes are the earthworms, 

including the up-to-3-m-long giant Australian earthworm, 

Megascolides australis (Fig. 13-58). 

Form and Function 
The oligochaete body is similar to that of the generalized 

annelid, with well-developed segments, four bundles of chaetae 

per segment, a small prostomium lacking appendages, and 

a small pygidium also devoid of appendages (Fig. 13-59A). In 

a few oligochaetes, however, the prostomium itself tapers into a 

tentacle-like appendage, as in Stylaria (Fig. 13-59C). 

Oligochaete chaetae are simple (unjointed) and terminate 

in a needlelike point or tips that are bifid, pectinate, or other- 

wise different from the shaft (Fig. 13-59B). Chaetae on the 

genital segments often are more complex. In general, long 

chaetae typify aquatic species (Fig. 13-59C), whereas those of 

earthworms project only a short distance beyond the integu- 

ment and are commonly sigmoid. On each side of a segment 

are chaetal sacs (Fig. 13-59B) in which the chaetae are 

secreted and from which they emerge as groups or bundles. 

Two chaetal bundles are ventral and two are ventrolateral or 

dorsolateral (Fig. 13-61 A). The number of chaetae per 

bundle varies from 1 to 25 (Fig. 13-59C). In most earthworms, 

such as Lumbricus, and in some aquatic families, only eight 

chaetae occur per segment, two chaetae in each of the four 

bundles (Fig. 13-61 A). Whatever the number, there are fewer 

in these worms than in most polychaetes, hence the origin 

of the name Oligochaeta, meaning “few chaetae.” Attached 

to the base of each chaeta are protractor and retractor 

muscles that allow the chaeta to be extended or withdrawn 

(Fig. 13-59B). 

Body Wall and Coelom 
The oligochaete body wall, especially in terrestrial species, is 

essentially like that of burrowing polychaetes. A thin cuticle 

overlies an epidermal layer that contains mucous gland 

cells. The circular muscles are outermost, the well-developed 

longitudinal muscles are in four bands, and the septa 

are relatively complete. Earthworms, which have the best- 

developed septa, can have sphincters around septal perfora- 

tions to control the flow of coelomic fluid from one segment 

to another. 

In most earthworms, each coelomic compartment, except at 

the extremities, is connected to the outside by a mid-dorsal 

coelomopore situated in the intersegmental furrows and 

provided with a sphincter. These pores exude coelomic fluid, 

which aids in keeping the integument moist and may deter 

predators. When disturbed, some earthworms squirt fluid from 

their pores. The giant Australian earthworm ejects fluid to 

a height of 10 cm, whereas the “squirter worm” (Didymogaster 

sylvaticus) squirts fluid to a height of 30 cm. 
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FIGURE 13-58 Oligochaeta. An Australian giant 

earthworm. 

Locomotion 
Oligochaetes crawl and burrow by peristaltic contractions 
(Fig. 13-60), as described for burrowing annelids in Evolution 

and Significance of Segmentation and Figure 13-8. Chaetae 

are extended as the body shortens (longitudinal muscle con- 

traction) and retracted as the body elongates (circular muscle 

contraction). Each segment moves forward in steps of 2 to 3 

cm at the rate of 7 to 10 steps per minute (Fig. 13-60). The 

direction of contraction waves can be reversed, enabling the 

worm to crawl backward. Freshwater species move through 

bottom debris and algae in the same manner as burrowing 

earthworms, but the microscopic aeolosomatids swim by 

means of a ciliated prostomium (Fig. 13-66). 

Nervous System 
In most oligochaetes, the two nerve cords have fused in the 

ventral midline and are situated inside the muscle layers of the 

body wall. As in all clitellates, the oligochaete brain has shifted 

posteriorly, and in lumbricids it lies in the third segment, 

above the anterior end of the pharynx (Fig. 13-61B, 13-62). 

W ithin the ventral nerve cord of earthworms are five giant 

axons, three large-diameter axons in the dorsal part of the 

cord and two smaller-diameter axons in the ventral half 

(Fig. 13-61 A). The mid-dorsal axon is fired by sensory input 

from the head, and the two dorsolateral fibers by sensory 

input from the posterior end of the body. In each segmental 

ganglion, these giant axons synapse with giant axons in the 

segmental nerves, which innervate the longitudinal muscles. 

Appropriate sensor)' input from either end of the worm elicits 
an escape response (wriggling and withdrawal into burrow), 

but it is more rapid and vigorous when the head of the worm 

is grasped or otherwise disturbed. Earthworms usually emerge 

from their burrows headfirst, and presumably the head end is 

most likely to be seized by a bird or other predator. Anyone 

who has tried to collect nightcrawlers can attest to the speed 

with which the worms retract into their burrows when touched 

or exposed to a bright light. 

The subpharyngeal ganglion is the principal center of 

motor control and vital reflexes and dominates the succeed- 

ing ganglia in the chain. All movement ceases when the sub- 

pharyngeal ganglion is destroyed. Motor control continues 

normally following removal of the brain (the suprapharyn- 

geal, or cerebral, ganglion), but the worm loses its ability to 

correlate movement with external environmental conditions. 

The relation of the subpharyngeal ganglion to the brain is 

thus somewhat similar to the relation of the medulla to the 

higher brain centers in vertebrates. 

Sense Organs 
Oligochaetes lack eyes, except for a few aquatic forms that 

have simple pigment-cup ocelli. The integument, however, is 

well supplied with dispersed unicellular photoreceptors situ- 

ated in the inner part of the epidermis, especially dorsally 

at the anterior end. The other receptors have a more or less 

general distribution in the integument. Clusters of sensory- 

cells that form a projecting tubercle with sensory processes 

extending above the cuticle appear to be chemoreceptors. 

The tubercles form three rings around each segment and are 

particularly numerous on the more anterior segments, espe- 

cially the prostomium, where (in Lumbricus) there may be as 

many as 700/mm2. 

Nutrition and Digestive System 
Most species of oligochaetes, both aquatic and terrestrial, are 

scavengers that feed on dead organic matter, particularly vege- 

tation. Earthworms feed on decomposing matter at the surface 

and may pull leaves into the burrow. They also deposit feed, 

ingesting organic material obtained from mud or soil while 

bui rowing. Fine detritus, algae, and other microorganisms are 

important food sources for many tiny, freshwater species. The 

common, minute Aeolosoma collects detritus with its pro- 

stomium (Fig. 13-66). After the ciliated ventral surface of the 

prostomium is placed against the substratum, the center is ele- 

vated by muscular contraction. The partial vacuum dislodges 
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FIGURE 13-59 Oligochaete anatomy and diversity. A, Anteroventral surface of the earthworm Lumbricus 
terrestris (Lumbricidae). B, Body wall of the earthworm Pheretima (transverse section; Megascolecidae). C and 
D, Anterior ends of two freshwater oliogochaetes, Stylaria (C) and Aeolosoma (D). Stylaria has a long, tentacular 
prostomium. (A, After Stephenson from Avel; B, After Bahl from Avel.) 

particles, which are then swept into the mouth by cilia. Species 

of Chaetogaster, which feed by using a sucking action of the 

pharynx, are small, carnivorous oligochaetes that eat amebas, 

ciliates, rotifers, and trematode larvae, or parasitize freshwater 

snails. 

The oligochaete digestive tract is straight and relatively 

simple (Fig. 13-61B). The mouth, situated beneath the pro- 

stomium, opens into a small buccal cavity, which in turn opens 

to a more spacious pharynx. The principal ingestive organ 

is a muscular mid-dorsal pharyngeal bulb or pad. In aquatic 

species, the pharyngeal bulb is everted and collects particles on 

its adhesive surface (Fig. 13-63). In earthworms, the pharynx 

acts as a pump. Pharyngeal glands produce a salivary secretion 

containing mucus and enzymes. 

The pharynx opens into a narrow, tubular esophagus, 

which may be modified at different levels to form a gizzard 

and, in lumbricid earthworms, a crop (Fig. 13-61B, 13-63A). In 

some, there is a succession of 2 to 10 gizzards, each occupying 

a separate segment. The gizzard, which is used for grinding 

food particles, is lined with a chitinous cuticle and is very mus- 

cular. The thin-walled crop is a storage chamber. 

The esophageal wall of many oligochaetes houses calcifer- 

ous glands. When highly developed, the glands bulge from the 

wall of the esophagus and may appear externally as lateral or 
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FIGURE 13-60 Oligochaete movement. Diagram 

of earthworm locomotion. Segments undergoing 

longitudinal muscle contraction are marked with the 

larger dot and drawn twice as wide as those 

undergoing circular muscle contraction. The forward 

progression of a segment during the course of 

several waves of circular muscle contraction is 

indicated by the horizontal lines connecting the 

same segments. (From Gray and, Lissman, 1938.) 

dorsal swellings (Fig. 13-6IB). The calciferous glands secrete 

calcium carbonate into the esophagus in the form of calcite 

crystals. The crystals are transported along the gut but not 

reabsorbed, and eventually they pass out of the body with the 

feces. The calciferous glands do not play a role in digestion 

and their function is uncertain, but two hypotheses have been 

suggested. According to aquatic chemists, soil C02 levels can 

be several hundred times higher than atmospheric levels 

because of bacterial respiration. When earthworms encounter 

such surroundings, elimination of their own respiratory C02 

by diffusion may be hampered by an unfavorable concentra- 

tion gradient. To overcome this difficulty, C02 (as bicarbonate 

ions) in the blood and other tissues may combine with 

calcium ions in the calciferous glands to form calcite, thus 

eliminating C02 indirectly via the gut. It has also been sug- 

gested that the glands function to eliminate excess calcium 

taken in with food. 

Tht ciliated intestine forms the remainder of the digestive 

tiact and extends as a straight tube through all but the ante- 

rior quarter of the body (Fig. 13-61B). The anterior half of 

the intestine is the principal site of enzyme secretion and 

digestion, and the posterior half is primarily absorptive. In 

addition to the usual classes of digestive enzymes, the intesti- 
nal epithelium of earthworms also contains cellulase (to 

digest plant cell walls) and chitinase (to digest fungal cell 

walls) produced by symbiotic bacteria. The absorbed food 
materials are passed to blood sinuses that lie between the gut 
t pithelium and the intestinal muscles. The surface area of the 

intestine is increased in many earthworms by a ridge or fold 

called a typhlosole, which projects internally from the mid- 

dorsal wall (Fig. 13-61A). 

Surrounding the intestine and investing the dorsal vessel of 

ohgochaetes is a layer of yellowish mesothelial cells called 

chlorogogen cells (Fig. 13-61 A), already discussed with Annel- 
ida. Waste-laden chlorogogen cells are released into the 

coelom, from which they, or their breakdown products, are 

eliminated through the nephridia or coelomopores. In terres- 

trial species, silicates obtained from food material and the soil 

are removed from the body and deposited in the chlorogogen 

cells as waste concretions. 

Hemal System 
The hemal system of ohgochaetes (Fig. 13-61B) is similar to 

that described earlier for annelids in general. Earthworms 

also have integumental capillaries, however, and many oligo- 

chaetes have hearts that supplement the contractile dorsal 

blood vessel (Fig. 13-61B). The hearts are expanded muscular 

regions of the circumenteric vessels that link the ventral and 

dorsal longitudinal vessels. The number of such hearts varies. 

The five pairs of hearts of Lumbricus surround the esophagus 

(in segments 7 through 11; Fig. 13-61B). Only one pair" of 

circumintestinal hearts is present in Tubifex. The hearts have 

valves in the form of folds in the vessel walls, which may 

also be found in the dorsal vessel at junctions containing 

segmental vessels. 

Gas Exchange 
Gas exchange in almost all ohgochaetes, both aquatic and 

terrestrial, takes place by diffusion of gases through the 

body wall. In larger species, such as the nightcrawler Lum- 

bricus terrestris, the integumental capillaries give rise to 

loops that enter the epidermis. Mucous-gland secretions and 

fluid discharged through the coelomopores moisten the sur- 

face of the epidermis and facilitate gas exchange in the 

earthworms. 

Specialized gills occur in only a few ohgochaetes. Species of 
the aquatic genera Dero (Fig. 13-64B) and Aulophorus have 

a circle of fingerlike gills at the posterior end of the body. 

A tubificid, Branchiura (Fig. 13-64A), has gill filaments dorsally 

and ventrally on the posterior quarter of the body. 
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FIGURE 13-62 Oligochaete nervous system. Lumbricus terrestris 
(Lumbricidae) in left lateral view. Note the position of the cerebral 
ganglion in segment 3. (After HessfromAvel.) 

The larger oligochaetes usually have hemoglobin dis- 

solved in the blood plasma. The hemoglobin of Lumbricus 

transports 15 to 20% of the oxygen utilized under ordinary 

burrow conditions, in which the partial pressure of oxygen 

is about the same as that in the atmosphere aboveground. 

When the partial pressure drops, the hemoglobin compen- 

sates by increasing its carrying capacity. After heavy rains, 

the oxygen level drops in the saturated soil, perhaps com- 

pelling some earthworms to seek atmospheric oxygen at the 

surface. 

Many aquatic oligochaetes tolerate relatively low oxygen 

levels and, for a short period, even a complete lack of oxygen. 

Members of Tubificidae, which live in stagnant mud and lake 

bottoms, are notable examples. Certain members of this fam- 

ily, such as Tubifex tubifex, die from long exposure to ordinary 

oxygen tensions. Tubifex ventilates in stagnant water by extend- 

ing its posterior end into the water and waving it about (Fig. 

13-64C). 
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FIGURE 13-63 Oligochaete digestive system. 
A, Lumbricus terrestris (Lumbricidae), diagrammatic 
vertical section of the anterior end of the body. Note the 
tonguelike dorsal pharyngeal bulb. Note also that the 
cuticle (thick dark line) not only covers the body, but also 
lines the digestive tract, ending at the gizzard (G)-midgut 
(Mg) junction. The mouth (M), pharynx (Ph), and 
esophagus (E) are foregut and derived from ectoderm and 
the cuticle is composed of collagen; the crop (C), gizzard 
(G), and midgut (Mg) are midgut structures derived from 
endoderm and the cuticle is made of chitin. The chitinous 
lining of the midgut (not shown) is called a peritrophic 
membrane. B, Ingestion of deposited food using the 
pharyngeal bulb in Aulophorus carteri (Naididae). (A, From. 
Peters, W., and Walldorf V. 1986. Endodermal secretion of chitin 
in the “cuticle ” of the earthworm gizzard. Tissue Cell 18:361 -374 
(Fig. 1); B, C, D, andE, After Marcus and Avel.) 

Excretion and Diapause 
Adult oligochaetes have a metanephridial system (Fig. 13-61), 

and typically, there is one pair of metanephridial tubules per 

segment except at the extreme anterior and posterior ends. In 

the segment following the nephrostome, the tubule is greatly 

coiled, and in some species, such as Lumbricus, there are sev- 

eral separate groups of loops or coils (Fig. 13-65B). Before the 

nephridial tubule opens to the outside, it may be dilated to 
form a bladder. The nephridiopores are usually situated on 

the ventrolateral surface of each segment. 

In contrast to the majority of oligochaetes, which have in 

each segment a single typical pair of metanephridia called 

holonephridia, many earthworms of the families Megascoleci- 
dae and Glossoscolecidae are peculiar in having additional 

nephridia that are multiple or branched. Either typical or 

modified nephridia may open to the outside through nephrid- 

iopores, or they may open into various parts of the gut, in 

which case they are termed enteronephric. A single worm may 

possess a numbei of different types of these enteronephridia, 

each being restricted to certain parts of the body. 

Earthworms excrete urea, but they are less perfectly 

ureotelic than other terrestrial animals. Although urea is 

present in the urine of Lumbricus and other earthworms, 

ammonia remains an important excretory product. The 

level of urea depends on the condition of the worm and the 

environmental situation. 

Salt and water balance, of particular importance in freshwa- 

ter and terrestrial environments, is regulated in part by the 

nephridia (Fig. 13-65C). The urine of both terrestrial and fresh- 

water species is hyposmotic, and considerable reabsorption of 

FIGURE 13-64 Oligochaete gill surfaces. 
A, Branchiura sowerbyi (Tubificidae), posterior end 
showing dorsal and ventral gill filaments. B, Dero 
(Naididae), posterior end showing gills around the 
anus. C, In Tubifex tubifex (Tubificidae), the posterior 
of the body extends from the tube and waves about 
in the water, facilitating gas exchange. (A, After 

Beddard from Avel; B and C, From Pennak, R. W. 1978. 

Freshwater Invertebrates of the United States. 2nd Edition, 
fohn Wiley and Sons, New York.) 
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salts must take place as fluid passes through the nephridial 

tubule. Some salts are also actively absorbed by the integument. 

In the terrestrial earthworms, water absorption and loss 

occur largely through the integument. Under normal condi- 

tions of adequate water supply, the nephridia excrete copious 

hyposmotic urine. It is not certain whether reabsorption by 

the holonephridia is important for water conservation, but the 

enteronephridia do appear to be an adaptation for the reten- 

tion of water. By first releasing the urine into the digestive 

tract, much of the remaining water can be reabsorbed in the 

intestine en route to the anus. Worms with enteronephridia 

can tolerate much drier soils than can those without them and 

do not have to burrow so deeply during dry periods. 

A few aquatic oligochaetes are capable of encystment during 

unfavorable environmental conditions. The worm secretes 

a tough, mucous covering that forms the cyst wall. Some species 

form summer cysts for protection against desiccation; others 

form winter cysts when the water temperature becomes low. 
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During dry seasons and during the winter, earthworms 

migrate to deeper levels of the soil, down to 3 m in the case of 

certain Indian species. After moving to deeper levels, an earth- 

worm can enter diapause and lose as much as 70% of its water. 

Balance is restored and activity resumed as soon as water is 

again available. 

Reproduction and Development 

CLONAL REPRODUCTION 

Clonal (asexual) reproduction is common among many 

species of aquatic oligochaetes, particularly the aeolosomatids, 

naidids, and lumbriculids. In fact, there are many asexually 

reproducing naidids in which sexual individuals are rare 

or have never been observed; a clone of Aulophorus furcatus 

was traced through 150 generations for a three-year period 

with no appearance of sexual individuals and with an undi- 

minished fission rate. Other oligochaetes reproduce asexually 

in the summer and sexually in the fall. Clonal reproduction 

is always a transverse division (fission) of the parent worm 

into two or more new individuals. Lumbriculus reproduces 

by fragmentation, as fission precedes differentiation, but in 

Nais and Aeolosoma, which reproduce by paratomy, differ- 

entiation precedes the separation of the daughter indi- 

viduals, resulting in chains of individuals called zooids 

(Fig. 13-66). 

SEXUAL REPRODUCTION 

Reproductive System 

The hermaphroditic oligochaetes have well-developed gonads, 

but these are restricted to a few genital segments. The genital 

segments are situated in the anterior half of the worm, and 

the female segment or segments are always behind the male 

segments (Fig. 13-61B). In most aquatic groups, one testicular 

segment is typically followed by one ovarian segment, whereas 

in terrestrial taxa, two male segments may be present. The 

exact location of genital segments along the trunk varies in 

different taxa. 

The paired ovaries and testes occur on the posterior face 

of a genital septum and bulge posteriorly into the coelom 

(Fig. 13-67). Gametes are released from the gonads at an 

early stage of development and enter specialized coelomic 

pouches called seminal vesicles (for sperm) and ovisacs (for 

both arise as septal outpockets in the genital segments, 

but their number, size, and position vary among taxa. 

The genital segments, male and female, each have a pair 

of gonoducts —sperm ducts for the exit of sperm and 

oviducts for eggs (Fig. 13-67). The ducts extend backward 

and pass through one or more segments before opening on 

the ventral surface of the body. In earthworms, the two pairs 

of sperm ducts on each side of the body usually fuse before 

opening to the outside through a single male gonopore, 

which has a laised border, or lips. In many aquatic species 
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FIGURE 13-66 Oligochaete clonal reproduction. 
Aeolosoma (Aeolosomatidae), paratomy and anatomy. 
(Drawing courtesy of R. Singer.) 



Clitellata 467 

9 10 11 12 13 14 15 

Testis 

Seminal 
receptacle 

Funnel of sperm duct Ovary 

FIGURE 13-67 Oligochaete 

reproductive system. Lateral view of 

the reproductive anatomy segments 

of the earthworm Lumbricus terrestris 

(Lumbricidae). (AfterHessfromAvel.) 

a chamber (atrium) preceding the gonopore contains a 

penis or an eversible area of the body wall (the atrium tip is 

called the penis; Fig. 13-68A,C). Glandular tissues called 

prostate glands are commonly associated with the male gon- 

oducts. In some megascolecid earthworms, the prostates do 

not discharge into the vas deferens, but rather open sepa- 

rately onto the ventral surface of segments adjacent to those 

bearing the male gonopore. Prostates are absent from most 

lumbricid earthworms. 

Forming a part of the female reproductive system but com- 

pletely separated from the female gonoducts are the seminal 

receptacles (Fig. 13-61B, 13-67). A seminal receptacle is a sac 

for storing the partner’s sperm prior to fertilization. The pores 

of the seminal receptacles open ventrally in the adjacent inter- 

segmental groove. The number of seminal receptacles ranges 

from one to many pairs, each pair commonly in a separate 

segment. Although they usually are situated in certain seg- 

ments anterior to the ovarian segment, their position varies 

with taxon. 

The position of reproductive structures in Lumbricus is 

shown in Figure 13-67. The male segment in this species of 

Lumbricus is partitioned so that the testes, the sperm duct fun- 

nel, and the opening to the seminal vesicles are enclosed in 

a special ventral compartment called a testis sac. The testis sac 

is completely separate from the larger, remaining portion of 

the coelomic cavity. For this reason, the testes are not visible in 

the usual dorsal dissection. 

The general plan of the oligochaete reproductive system is 

relatively uniform, but the numbers of various structures, the 

segments in which they are situated, and the segments onto 

which the genital pores open are variable. This variation is of 

considerable importance in the classification of oligochaetes. 

The only exception to the oligochaete pattern appeals in 

Aeolosomatidae, which, although hermaphroditic, is similai to 

polychaetes in that they lack distinct gonads and have a large 

number of genital segments. Also, a gonoduct is absent and 

the sperm use the nephridia to exit the body. Some zool- 

ogists, however, question whether these little worms aie really 

oligochaetes. 

Clitellum 

The clitellum is a reproductive structure characteristic of 

clitellates (Fig. 13-59A, 13-68, 13-69). The number of segments 

composing the oligochaete clitellum varies considerably; there 

usually are 2 clitellar segments in many aquatic forms, 6 or 

7 in Lumbricus, and as many as 60 in certain Glossoscolecidae. 

In aquatic species and megascolecid earthworms, the clitellum 

is often situated in the same region as the female gonopores; 

in the lumbricids, the clitellum is considerably posterior to the 

gonopores. The degree of development of the clitellum varies 

from taxon to taxon. In aquatic species the clitellum may be 

only one cell thick, whereas the thick clitellum of many earth- 

worms is composed of three distinct layers (Fig. 13-69). The 

development of the clitellum also varies from season to sea- 

son. It generally coincides with sexual maturity, but there are 

some worms in which the clitellum becomes conspicuous only 

during the breeding season. 

Copulation 

Oligochaetes are more or less continuous breeders, in con- 

trast to the intermittent breeding of most polychaetes. Copula- 

tion is the rule, and mutual sperm transfer occurs between 

the hermaphrodites. During copulation, ventral contact is 

established between the anterior ends of the two oppositely 

facing worms (Fig. 13-68A,B). In most oligochaetes, except the 

lumbricids, the male gonopores of one worm directly appose 

the seminal receptacles of the other. The two worms are held 

in position by a coat of mucus secreted by the clitella, and by 

genital chaetae, which hook them together. The genital 

chaetae are specialized ventral segmental chaetae generally sit- 

uated in the region of the male gonopore or the seminal 

receptacles. Transmission of sperm into one pair of seminal 

receptacles in the earthworm Pheretima communissima takes 

more than 1.5 h and then is repeated for each of the other 

two pairs of seminal receptacles (Fig. 13-68A). 

In the lumbricids, including Lumbricus, the male gonopores 

do not appose the seminal receptacles during copulation, so 

sperm must swim externally from the anterior male gonopores 
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Gonopore 

FIGURE 13-68 Oligochaete reproduction. A, Copulation by direct sperm transmission in the earthworm 

eretimacommumssima (Megascolecidae). B, Copulation by indirect sperm transmission in Eisenia fetida 

Z r'CI ' ,r™™s ln^ICate pa,h of sPerm from male gonopores to openings of seminal receptacles. C, Pei 
of the lumbriculid Bhynchelmis (family membership uncertain). D, Cocoon formation in a lumbricid earthwon 

ocoon o. ma m otica (Glossocolecrdae). F, Cocoon of Allobophora terrestris (Lumbricidae). (A, After Oish. 

front And, B, AfterGrove and Cowley from Avel; C andE, From Brinkhurst, R. 0., and Jamieson, B. G. M. 1972. Aquatic 

Ohgoehaeta of the World. TorontoUnwerstty Press, Toronto; D, Modified from Tembe and Dubash in Edwards, C. A., and 
L°Jty,J. R. 1972. Biology of Earthworms. Chapman and Hall, London; F, After Avel.) 
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FIGURE 13-69 Oligochaete reproduction. Section through the 
clitellum of Lumbricus terrestris (Lumbricidae). (After Grove from Avel.) 

of one worm to the more posterior pores of the partner’s sem- 

inal receptacle (Fig. 13-68B). A favorable environment for the 

sperm s journey is provided by the clitellum and specialized 

parts of other segments. During copulation, the clitellum of 

one worm presses against the seminal receptacle segments of 

the other and mucus is secreted, enveloping the worms in an 

aquatic slime tube. Attachment is aided by genital chaetae. As 

sperm are released from the male pores of each worm, the 

contraction of specialized muscles along the sperm s route 

creates two grooves in the body wall between the male gono- 

pores and the clitellum. Sperm move along these slime-filled 

grooves aided by groove-muscle contractions until they reach 

their own clitellum. At that point, they cross over to the other 

worm and enter its seminal receptacle. The emission of sperm 

may or may not be accomplished simultaneously in both mem- 

bers of the copulating pair. Copulation in Lumbricus continues 

for two to three hours. 

Cocoon 

A few days after copulation, a cocoon is secreted by the clitel- 

lum for the deposition of the eggs. First, a mucous tube is 

secreted around the anterior segments, including the clitel- 

lum. Second, the clitellum secretes a tough, encircling, chitin- 

like material that forms the wall of the cocoon. Third, the 

deep glandular layer of the clitellum secretes albumen into 

the space between the wall of the cocoon and the clitellum. 

The albumen-filled cocoon slides forward as the worm 

pulls backward (Fig. 13-68D). As it passes over the female 

gonopores, eggs are discharged into the cocoon. Continuing 

on its track, it next moves over the seminal receptacles, from 

which the partner’s sperm are released, cross-fertilizing the 

eggs externally in the cocoon. Finally the cocoon slips over 

the head of the worm and is freed from the body, the mucous 

tube quickly disintegrates, and the ends of the cocoon con- 

strict and seal themselves. The finished cocoon thus contains 

zygotes and nutritive albumen for their development. The 

cocoons of terrestrial species are deposited in soil, and those 

of aquatic species are left in bottom debris or mud or are 

attached to vegetation. 

The ovoid cocoons are yellowish in color (Fig. 13-68D-F). 

Cocoons of Tubifex are 1.60 X 0.85 mm; those of Lumbricus ter- 

restris are approximately 7 X 3.5 mm. The largest cocoons, 

75 X 22 mm, are produced by the giant Australian earthworm, 

Megascolides australis. A cocoon contains anywhere from 1 to 

20 eggs, depending on species, and a succession of cocoons 

may be produced. Under favorable conditions, lumbricids 

may mate continually during the spring, with cocoons forming 

every three or four days. The freshwater tubihcids and lumbri- 

culids generally reproduce only once a year. Their reproduc- 

tive systems are then resorbed and reform the following year. 

There is increasing evidence that growth and reproduction 

in oligochaetes are regulated by neurosecretions of the brain, 

as is true of polychaetes. In contrast to polychaetes, however, 

the hormone produced by the brain appears to stimulate 

rather than inhibit reproduction. 

Development 

The oligochaetes are direct developers and thus have rela- 

tively yolky eggs. In general, the eggs of aquatic groups con- 

tain large amounts of yolk. On the other hand, terrestrial 

species have much smaller eggs with much less yolk because 

the abundant albumen in the cocoon supplies most of the 

nutritive needs of the embryo. A larva is absent and develop- 

ment to a juvenile stage occurs in the cocoon. 

The cleavage pattern, although retaining traces of the 

ancestral spiral cleavage, is considerably modified in oligo- 

chaetes, especially in earthworms. The juveniles emerge from 

the end of the cocoon after eight days to several months of 

development. Lumbricus hatches in 12 to 13 weeks. Usually, 

only some of the eggs deposited in the cocoon hatch; in Lum- 

bricus terrestris, only one egg develops. 

Many oligochaetes live several years. Earthworms in terraria 

have been known to live for six years, but their life span is 

probably much shorter in natural, unprotected conditions. 

Lumbricid earthworms reach sexual maturity in six months to 

a year, depending on environmental conditions and species. 

Lumbricus terrestris requires at least 200 days. Some aquatic 

oligochaetes have shorter generation times. At elevated tem- 

peratures, enchytraeids inhabiting sewage trickling filters 

reach sexual maturity in 13 to 28 days, depending on the 

species, and the generation time between cocoons ranges 

from one to two months. On the other hand, some tubihcids 

have a two-year life span, breeding once and then dying. 

Diversity of Oligochaeta 
At present, oligochaetes are divided into 27 families and sev- 

eral higher taxa based on characteristics of chaetae, clitellum, 

number and position of genital segments, and reproductive 

anatomy. Because of the technical nature of these characters 

and the difficulty of relating most to unique functions, we 
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include only the common, species-rich taxa in relation to their 

habitat preferences. 

COMMON AQUATIC TAXA 

Members of the major aquatic families occur throughout the 

world wherever suitable habitats exist. In freshwater habitats, 

most burrow in bottom debris, a few construct tubes, and some 

live on aquadc plants. Oligochaetes are most abundant where 

the water is shallow, although several families have benthic rep- 

resentatives in deep lakes. The abundance of different species of 

aquatic oligochaetes can be a good indicator of the degree of 

water pollution. Aquatic species even inhabit the water reservoirs 

of bromeliad epiphytes, which attach to the trunks and branches 
of tropical trees. 

Many species are amphibious or transitional between a strictly 

aquatic and a strictly terrestrial environment. These worms live in 

marshy or boggy land and on the margins of ponds and streams. 

Some 200 species of marine oligochaetes have been 

described. Most belong to Enchytraeidae and Tubificidae 

and chiefly inhabit the supratidal and intertidal zones, but 

subtidal species are known even from abyssal and hadal 

depths. Marine oligochaetes are members of the interstitial 

fauna, are shallow burrowers, or live beneath intertidal rocks 

or in algal drift. 

In general, most aquatic oligochaetes are small, delicate 

animals, especially in comparison with earthworms, and their 

body walls are often transparent, permitting a clear view of the 

organs within. Most have a clitellum formed of a monolayer of 

cells. Such clitella secrete little or no albumen, and their eggs 

compensate for the lack of nutritional supplementation by 

being large and yolky. 

AeolosomatidaeF: Aeolosomci: small interstitial worms, usually 
less than 5 mm in length. Ventrally ciliated prostomium for 

gliding over and through substratum and for sweeping food 

particles into mouth (Fig. 13-59D, 13-66). Chaetae on most 

segments, including anterior segments, but segmental septa 

are absent. One pair of testes and ovaries. Sexual reproduc- 

tion is rare; clonal reproduction, by paratomy, is common. 

Encystment of adults occurs under adverse conditions. 

Although included here among oligochaetes, aeoloso- 

matids may actually be polychaetes. The chief argument in 

favor of a polychaete alliance is the occurrence of nuchal 

organs on the prostomium (as “ciliated pits”; Fig. 13-66), 

a polychaete autapomorphy. The brain of Aeolosoma is in 

the prostomium, as it is in polychaetes, not in an anterior 

segment. Aeolosoma also lacks a clitellum, the hallmark of 

clitellates. 

Naididae . Small, aquatic, predominantly freshwater oligo- 

haetes similar to tubificids (below), but differing in living 

on submerged vegetation and having ocelli. Like the aeolo- 

somatids, naidids have few segments, not more than 40. 

Prostomium lacks cilia, chaetae are absent from anterior 

segments, but segmental septa are present. Some have 
a long proboscis. As in aeolosomatids, there is one pair 

each of testes and ovaries; sexual reproduction has been 

infrequently observed. Paratomy is common: under ideal 

conditions, a new zooid is released every two or three days. 

Aulophorus: a pair of long gills on posterior end. Branchiura: 
a dorsal and a ventral gill filament on each posterior 

segment (Fig. 13-64A). Chaetogaster: a rudimentary pro- 

stomium, large mouth and large muscular pharynx for 

engulfing prey; carnivores of other worms, crustaceans, and 

insect larvae; parasites (in snails). Dero: makes sand-grain 

tubes and has small posterior gills (Fig. 13-64B). Stylaria: 

prostomium drawn out into a long process (Fig. 13-59C). 

Nais, Slavina. 

TubificidaeF: Small to large, reddish burrowers in marine 

and freshwater sediments. The most common oligochaetes 

in deep freshwater sediments. Body composed of 40 to 200 

distinct segments, the number depending on species. Some, 

such as Tubifex, build and occupy vertical tubes from which 

they extend and wave their tails for gas exchange. Tubifex 

tubifex and Limnodrilus spp. thrive on organic pollution and 

tolerate low oxygen concentrations in the water. In highly 

polluted lakes and streams, tubificids are the only animals 

in the benthic sediments, where they form dense, waving 

beds (Fig. 13-64C). The marine Phallodrilus albidus lacks 

a gut and derives its nutrition in association with bacteria 

that oxidize reduced inorganic compounds. One pair of 

testes (segment 10) and one pair of ovaries (segment 11); 

sexual reproduction is common, clonal reproduction is not. 

LumbriculidaeF: Freshwater worms, small (not exceeding 
14 cm in length), but having many segments, each with four 

pairs of chaetae. Clonal reproduction by fragmentation 

dominates. The educationally useful California blackworm, 

Lumbriculus variegatus, is the best-known lumbriculid. In the 

laboratory, this easily cultured species, with its transparent 

body wall and rapid rate of asexual reproduction, is used to 

study functional morphology, regeneration, segment differ- 

entiation, locomotion, and other behaviors. 

COMMON TERRESTRIAL TAXA (EARTHWORMS) 

Of the 10 families of earthworms, 4 contain large numbers of 

species. GlossoscolecidaeF, LumbricidaeF, MegascolecidaeF, and 

MoniligastridaeF are all burrowers found everywhere (on land) 

except in deserts. The first three families have two pairs of testes 

followed by a sterile segment, followed by one pair of ovaries. 

The multilayered clitellum secretes albumen, and thus the eggs 

are relatively nonyolky. 

Soils containing considerable organic matter, or at least a 

layer of humus on the surface, maintain the largest fauna of 

worms, but other soil factors are important to the distribution 

°f terrestrial species. Acid soils are favorable habitats for most 
earthworms. Up to 700 lumbricids have been reported from 
a square meter of farm soil. 

A cross section through soil reveals the distinct vertical 

stratification of worms. The tunnels of larger species, such as 

the nightcrawler Lumbricus terrestris, range from the surface to 

several meters deep, depending on the nature of the soil. 

Young worms and small-bodied species are restricted to the 

few centimeters of upper humus, whereas others have a wider 

vertical distribution but are still limited to the upper level of 

the soil that contains some organic matter. 

An earthworm constructs its burrow by forcing its anterior 

end through crevices and by swallowing soil. The egested 

material and mucus are plastered against the burrow wall, 

foiming a distinct lining. Some egested material is removed 

from the burrow and deposited at the surface as fecal castings. 
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The gut turnover time in the lumbricid Allolobophora rosea is 

reported to be 1 to 2.5 h. The burrows may be complex, with 

two openings and horizontal and vertical branches. Lumbricus 

terrestris always plugs its burrow with debris pulled into the 

hole. It is not clear why large numbers of Lumbricus terrestns 

leave their burrows after heavy rains, resulting in high mortal- 

ity, but the low oxygen tension of the water-saturated soil has 

been cited as a factor. 

As first demonstrated by Charles Darwin in his authoritative 

1881 book, The Formation of Vegetable Mould through the Action of 

Worms, with Observations of Their Habits, the activities of earth- 

worms have a beneficial effect on the soil. The extensive 

burrows increase soil drainage and aeration, but more impor- 

tant are the mixing and churning of the soil. Deeper soil is 

brought to the surface as fecal castings, and organic material is 

moved to lower levels. Some tropical species produce enormous 

castings. For example, the towerlike castings of Hyperoidrilus 

africanus may reach 8 cm in height and 2 cm in diameter. 

Earthworms’ ability to churn soil can be demonstrated in 

a container half filled with sand and half with potting soil. Five 

worms will thoroughly mix 500 ml of sand with 500 ml of soil 

in several months. 

Besides cultivating soil and creating compost, earthworms are 

useful to humans in other ways. Many are raised and sold as fish 

bait, especially the nightcrawler Lumbricus terrestris, the annual 

sales of which in Canada exceed $50 million. The Maoris of New 

Zealand eat earthworms and consider them a delicacy, and in 

parts of Japan, earthworm pies are consumed. The tiger worm, 

Eisenia fetida, occurs naturally in dung and is cultivated in the 

feces of hogs and other domesticated animals to convert dung 

into worms, which are then incorporated into animal feed. 

Surprisingly, several earthworms occur in tropical trees. 

These worms live in accumulated humus and detritus in axils of 

leaves and branches. Although the natural distribution of many 

species is geographically restricted, humans have spread several 

worldwide. For example, the earthworm fauna of the larger 

Chilean cities consists solely of European species, which have 

displaced the endemic forms. Glossoscolecidae (male gono- 

pores on clitellum; esophageal gizzard): Glossoscolex, Pontoscolex; 

Lumbricidae (male gonopores on segment 15; intestinal giz- 

zard): Allolobophora, Eisenia, Lumbricus; Megascolecidae (male 

gonopores on segment 18): Driloleirus americanus (giant Palouse 

earthworm of Washington), D. macelfreshi (giant Oregon earth- 

worm; both Driloleirus species reach 1 m in length), Megascolex, 

Megascolides, Pheretima; Moniligastridae (male gonopores on seg- 

ment behind testicular segment): Draividia, Moniligaster. 

HIRUDINOMORPHAc 

This clitellate taxon includes the tiny branchiobdellids (Bran- 

chiobdellida), which cling and creep over the exoskeleton of 

freshwater crustaceans, especially crayfishes, and the often 

large, active, and intimidating leeches (Hirudinea). Eeeches 

are common in fresh water, but also occur in the sea and in 

moist areas on land. All hirudinomorphs have a terminal oi 

posterior sucker that adheres to the host or the substratum and 

a dorsal anus located in front of the sucker. The re-positioning 

of the ancestral anus from terminal to dorsal is related to 

the origin of the sucker, which is a specialization of the 

posteriormost segment (and often several others) as well as the 

pygidium. If the anus had not shifted position, it would open 

centrally below the sucker. Approximately 500 species of 

hirudinomorphs have been described. 

Hirudinomorph evolution is the story of a worm’s transi- 

tion from a more or less typical oligochaete-like ancestor with 

coelomic cavities, chaetae, and a detritivorous habit to a car- 

nivorous or bloodsucking leech with a chaetae-less, suckered, 

and flattened body composed of a fixed number of segments. 

The branchiobdellids, and especially a leech called Acantho- 

bdella peledina, are important chapters in that story, and we will 

discuss them later in the Diversity of Hirudinomorpha and 

Phylogeny of Clitellata sections. 

Euhirudinea 
The 350-some species of Euhirudinea are marine, freshwater, 

and terrestrial worms commonly known as leeches. Although 

they are all popularly considered to be bloodsuckers, many are 

nonbloodsucking carnivores. The leeches share clitellate traits 

with the Oligochaeta, but also have several general or unique 

attributes of their own, which are highlighted in the remain- 

ing chapter sections. 

Leeches are never as small as many polychaetes and 

oligochaetes. The smallest leeches are 1 cm in length, and 

most species are 2 to 5 cm long. Some, including the medicinal 

leech (Hirudo medicinalis), may attain a length of 12 cm, but the 

giant of the class is the Amazonian Haementeria ghiliani, which 

reaches 30 cm. Black, brown, olive green, and red are common 

colors, and striped and spotted patterns are not unusual. 

Although some leeches are marine, most of the aquatic 

species live in fresh water. Relatively few species tolerate 

rapid currents; most prefer the shallow, vegetated water 

bordering ponds, lakes, and sluggish streams. In favorable 

environments, often those high in organic pollutants, over- 

turned rocks may reveal an amazing number of individuals; 

more than 10,000 individuals per square meter have been 

reported in Illinois. Some species estivate during periods of 

drought by burrowing into the mud at the bottom of a pond 

or stream and can survive a loss of as much as 90% of their 

body weight. 

Although leeches are found throughout the world, they are 

most abundant in north temperate lakes and ponds. Much of 

the North American leech fauna is shared with Europe. The 

aquatic Hirudinidae, which includes the European medicinal 

leech, and the terrestrial Haemadipsidae feed primarily on 

mammals, including humans. 

FORM AND FUNCTION 

The anatomy of leeches is remarkably uniform. The body typi- 

cally is dorsoventrally flattened and frequently is tapered at 

the anterior end (Fig. 13-70). The segments at both extremi- 

ties have been modified to form suckers. The anterior sucker 

usually is smaller than the posterior and frequently surrounds 

the mouth. The posterior sucker is disc-shaped and turned 

ventrally. Segmentation is very much reduced. Unlike other 

annelids, leeches have a fixed number of 33 segments, but 

secondary superficial annulations externally mask the segmen- 

tation. Chaetae are absent. 

The head consists of a reduced prostomium plus five seg- 

ments (1 to 5; Fig. 13-70). Dorsally, the head bears several 
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FIGURE 13-70 Leech external anatomy (Euhirudinea). Ventral view 
of the European medicinal leech, Hirudo medicinalis (Arhynchobdellida). 
(From Mann, K. H. 1962. Leeches. Pergamon Press, Elmsford, New York.) 

ocelli, and ventrally it is modified to form the anterior sucker 

surrounding the mouth. The trunk, which encompasses the 

pi eclitellai region, clitellum, and postclitellar region, con- 

sists of 21 segments (6 to 26). The clitellum, spanning three 

segments (9 to 11), is conspicuous only during reproductive 

periods. Behind the trunk is the large, ventral posterior 
sucker derived from 7 segments (27 to 33). The dorsal anus 

is on oi near the last trunk segment in front of the sucker. 

The number ol annulations per segment varies not only in 

different legions of the body, but also in different species. The 

best means of determining the primary segmentation of 

It eches is by studying the central nervous system and the inner- 

vation of the annulations by segmental nerves. The occurrence 

of a ring of sensory papillae around the first annulation of 

each segment, the serial repetition of color patterns, and the 

placement of the ventral nephridiopores, however, also provide 

segmental landmarks. 

Nervous System and Sense Organs 

The nervous system of leeches is similar to that of other 

annelids, but the anterior and posterior ganglia are concen- 

trated into masses because of the segmental modifications form- 

FIGURE 13-71 Leech nervous system (Euhirudinea). A, Nervous 
system of Erpobdella punctata (Arhynchobdellida). B, Dorsal view of 
a segmental ganglion of a leech. Circles represent cell bodies; solid black 
circles are interneurons, and those enclosed by thick lines are motor 
neurons. (A, After Bristol from Harant and Grasse; B, From Stent, G. S. 1978. 

Neuronal generation of the leech swimming movement. Science 200:1348-1356.) 

ing the suckers. The brain, located in segment 5, consists of 

paired suprapharyngeal ganglia (the original paired ganglia of 

the prostomium plus the ganglia of the peristomium). Ventrally, 

the first four pairs of ganglia (segments 2 to 5) are fused to 

form the subpharyngeal ganglion (Fig. 13-71 A). Behind the 

subpharyngeal ganglion, the ventral nerve cord consists of 21 
free pairs of ganglia (segments 6 to 26) that form the nerve 
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Dorsal coelomic channel -Epidermis 

FIGURE 13-72 Leech internal anatomy (Euhirudinea). A, 

Transverse section through the European medicinal leech, Hirudo 

medicinalis (Arhynchobdellida). In arhynchobdellid leeches, the hemal 

system has been completely replaced by the modified coelomic 
circulatory system. B, Electron micrograph of a section through a 

botryoidal capillary of the American medicinal leech, Macrobdella 

decora (Arhynchobdellida), showing a botryoidal lining cell (be); (cf = 

coelomic fluid). (A, Modified and redrawn from Bourne, A. G. 1884. 

Contributions to the anatomy of the Hirudinea. Q. J. Microsc. Sci. 

24:419-506 plus plates.) 

cord of the trunk and 7 additional pairs of ganglia (segments 

27 to 33) that fuse to form the caudal ganglion asso- 

ciated with the posterior sucker. The entire central nervous 

system is enclosed in the unpaired ventral coelomic channel 

(Fig. 13-72 A). 

The relatively small number and large size ol the neurons 

have made leeches, along with squids, sea hares, and crayfish, 

favorite invertebrate subjects of neuroanatomists and neuro- 

physiologists. Each of the 21 segmental ganglia in the medici- 

nal leech Hirudo contains 175 pairs of neuron cell bodies 

arranged bilaterally around a central mass of nerve fibers (a 

neuropil), in which synaptic junctions are made. The cell bod- 

ies are large enough to be probed with electiodes and 

mapped (Fig. 13-71B). 

Some rhynchobdellid leeches can change color dramati- 

cally as a result of pigment movement in large specialized cells 

called chromatophores that are under neural control. The 

significance of the color change is not certain, because these 

leeches do not adapt to background coloration. 

The specialized sense organs in leeches consist of 2 to 10 

pigment-cup ocelli and sensory papillae. I he sensory papil- 

lae are small, projecting discs arranged in a dorsal row or in 

a complete ring around one annulation of each segment 

(Fig. 13-70). Each papilla consists of a cluster of many sen- 

sory cells and supporting epithelium. 

Despite the lack of highly organized, concentrated sense 

organs, leeches can detect low levels of many types of stimuli, 

a sensitivity that is often an adaptation for finding prey or 
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a host. Fish leeches respond to moving shadows and water- 

pressure vibrations. Both predatory and bloodsucking leeches 

will attempt to attach to an object smeared with various host 

or prey substances such as fish scales, tissue juices, oil gland 

secretions, or sweat. Hirudo, a bloodsucker of warm-blooded 

animals, will swim into waves, which may be generated by 

a possible host. The same leech is also attracted by body secre- 

tions and elevated temperatures and has been reported to 

swim toward a man standing in water. Supposedly, the terres- 

trial tropical bloodsuckers (Haemadipsidae), which are 

atti acted by passing warm-blooded mammals, will move over 

vegetation to converge on a stationary human (as well as other 

mammals). 

Body Wall, Coelom, Hemal System, and Locomotion 
The leech body wall consists of a typical annelidan cuticle and 

epidermis, but unlike polychaetes and most oligochaetes, the 

fibrous connective tissue beneath the epidermis is very thick 

and occupies much of the interior of the body. The muscula- 

ture and other tissues occupy this expanded connective-tissue 

region (Fig. 13-72). Some of the cell bodies of the enlarged epi- 

dermal glands have submerged into the peripheral connective- 

tissue layei (the dermis). Below the dermis is a layer of circular 

musculature followed by diagonal muscles and a powerful 

longitudinal musculature. Dorsoventral muscles are also pres- 

ent (Fig. 13-72). 

Expansion of the connective-tissue compartment of leeches 
is correlated with a reduction of the coelom and septa, a strik- 

ing difference between leeches and other annelids. Leeches 

lack the paired segmental coeloms that typify other annelids. 

(Acanthobdella peledina, discussed in Diversity of Flirudinomor- 

pha, is the only exception.) Without septa and mesenteries to 

partition the coelom into separate compartments, the coelomic 

cavity is continuous and uninterrupted throughout the leech 

body (Fig. 13-72, 13-73). Thus the leech coelom became 

the global circulatory system, overlapping the responsibility of 

the hemal system and eventually replacing the ancestral hemal 

system altogether. 

During this takeover, the coelomic system adopted the 

appearance of the old hemal system — two main longitudi- 

nal vessels, arteries, veins, even capillaries — but it betrays its 

coelomic origin in two ways. The two main longitudinal ves- 

sels are lateral rather than dorsal and ventral, and the ves- 

sels are lined by mesothelium, unlike hemal vessels, which 

are lined only by basal lamina. Much of the coelomic 

mesothelium, especially in the capillaries, is specialized as 

large nutrient-storage cells called chlorogogen tissue in 

rhynchobdellids and botryoidal tissue in arhynchobdellids 
(Fig. 13-72B). The coelomic fluid is propelled by the muscu- 

lar contractions of the lateral longitudinal channels. 

The leeches’ loss of septa, chaetae, and segmented 

coelomic cavities is correlated functionally with a change from 

peristaltic burrowing to new modes of locomotion: Leeches 

move by inchworm-like crawling (Fig. 13-74) or by swimming, 

but do not burrow using peristalsis. When crawling, only the 

anterior and posterior suckers anchor to the substratum. 

When the posterior sucker is attached, a wave of circular con- 

traction sweeps over the animal, and the body is lengthened 

and extended forward. The diagonal muscles may be postural, 

keeping the animal rigid while it is raised and attached poste- 

riorly. The anterior sucker then attaches and the posterior 

sucker releases. A wave of longitudinal contraction then 

occurs, shortening the animal and moving the posterior 

sucker forward (Fig. 13-74). The diagonal muscles may also 

enable leeches to twist their raised bodies while attached 

Subepidermal channel 
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FIGURE 13-73 Leech hemal and coelomic circulatory systems 
(Euhirudinea). Perspective view of the hemal (black) and coelomic 
(gray) circulatory systems of Placobdella costata (Rhynchobdellida, 

Glossiphoniidae). (After Oka from Harant and Grasse.) 

FIGURE 13-74 Leech locomotion. (Modified and redrawn from Fretter, 

V, and Graham, A. 1976. A Functional Anatomy of Invertebrates. Academic 

Press, London and New York.) 
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posteriorly. When a leech swims, the body is flattened by 

contraction of the dorsoventral musculature, and waves of 

contraction along the longitudinal muscles produce vertical 

undulations. 

Gas Exchange 
Gills occur only in the Piscicolidae (fish leeches), with the 

general body surface providing for gas exchange in other 

leeches. The piscicolid gills are lateral leaflike or branching 

outgrowths of the body wall (Fig. 13-82A). The respirator)7 

pigment, an extracellular hemoglobin, is found only in the 

arhynchobdellid leeches and is responsible for about one-half 

of the oxygen transport. 

Excretory System 

The leech excretory system consists of 10 to 17 pairs of 

metanephridia, 1 pair per segment, situated in the middle 

third of the body (Fig. 13-72A). As a result of coelom reduction 

and the loss of septa in the leech body, the nephridial tubules 

are embedded in connective tissue and the nephrostomes 

project into the coelomic channels. Each ciliated nephrostome 

opens'* downstream into a nonciliated capsule, which joins 

the nephridial tubule (Fig. 13-75). In most leeches, however, 

the cavity of the capsule does not open freely into the tubule 

lumen, and in a few species, the capsule and tubule are entirely 

separate structures. The nephridial tubule consists of a main 

Coelomocyte 

FIGURE 13-75 Leech excretory system (Euhirudinea). Nephridium 
of Trocheta (Arhynchobdellida). The nephrostome and capsule do not 
communicate with the tubule, but rather collect and break down 
spent coelomocytes. Urine formation (arrows) apparently results from 
ultrafiltration of coelomic fluid across the wall of the botryoidal capillary 

into the connective tissue and tubule. (Drawn from several sources.) 

duct that receives numerous branched ductules (canaliculi). 

The main duct typically expands into a urinary bladder before 

opening to the exterior at a ventrolateral nephridiopore. 

The mesothelium of the coelomic channels in the region of 

the nephrostomes and canaliculi is porous (the lining cells 

resemble podocytes), and thus the initial phase of urine forma- 

tion is believed to occur as the hemocoelomic fluid is pressure- 

filtered across the wall of the channel into the connective 

tissue around the nephridial tubule or directly into the canalic- 

uli (Fig. 13-75). As the ultrafiltrate enters the main duct, salts 

are reabsorbed and a watery, hyposmotic urine accumulates in 

the bladder before being discharged to the exterior. Thus the 

nephridia are important organs of osmoregulation. 

The functions of the structurally isolated nephrostome and 

nephridial capsule are unrelated to excretion. The capsules, 

similar to lymph nodes, contain a population of ameboid 

phagocytes that engulf foreign material and cellular debris. 

Some phagocytes (coelomocytes) may be released into the 

coelomic circulation to police the circulating fluid (Fig. 13-75). 

(Particulate waste is also engulfed by botryoidal and vasofi- 

brous tissue in the hirudinid leeches and by pigmented and 

coelomic epithelial cells in glossiphoniids and piscicolids.) In 

the rhynchobdellids, cilia on the nephrostomes beat inward, 

carrying particulates into the capsule. The nephrostomes of 

the arhynchobdellids, on the other hand, have cilia that beat 

outward, away from the capsule, and are believed to promote 

the circulation of coelomic fluid. The conversion of a nephro- 

stome into a site for phagocytosis and coelomocyte destruction 

is also common in polychaetes. 

Digestive System and Nutrition 
Leeches have either a protrusible pharynx (inappropriately 

called a proboscis) or a nonprotrusible sucking pharynx with or 

without jaws. The tubular pharynx (Rhynchobdellida) joins the 

ventral mouth by a short, narrow canal (Fig. 13-76A, 13-77B). 

The pharynx is highly muscular, has a triangular lumen, and is 

lined internally and externally with cuticle. Ducts from large, 

unicellular salivary glands open into the pharynx. When 

feeding, the animal protrudes the pharynx from the mouth, 

forcing it into the tissue of the host. 

In the gnathobdelliform leeches (Arhynchobdellida), which 

lack a protrusible pharynx, the mouth is situated in the ante- 

rior sucker (Fig. 13-76B,C, 13-77A). Immediately within the 

mouth cavity of most species are three large, oval, bladelike 

jaws, each bearing many small teeth along the free edge, 

arranged in a triangle, one dorsally and two laterally. When the 

animal feeds, the anterior sucker attaches to the prey or host, 

and the edges of the jaws slice like scalpels through the integu- 

ment (Fig. 13-76D,E). The jaws swing toward and away from 

each other, activated by muscles attached to their bases. Sali- 

vary glands secrete an anticoagulant called hirudin. Immedi- 

ately behind the teeth, the buccal cavity opens into a muscular, 

pumping pharynx. The predatory pharyngobdelliforms 

(Arhynchobdellida) also have a pumping pharynx, but muscu- 

lar folds replace the jaws. 

The remainder of the digestive tract is relatively uniform 

throughout Euhirudinea. A short esophagus either opens 

directly into a relatively long stomach or first expands into a 

crop (Fig. 13-77A). The stomach may be a straight tube, as in the 
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FIGURE 13-76 Leech pharynx and 
feeding (Euhirudinea). A, Sagittal 
section through anterior end of 
Glossiphonia (Rhynchobdellida), 
showing an everted tubular pharynx. 
(Figure 13-77B shows a retracted 
pharynx.) B-E, Arhynchobdellid 
leeches. B, Ventral view of the oral 
region of a terrestrial, bloodsucking 
leech (Haemadipsidae). Jaws are not 
exposed. C, Ventral dissection of the 
anterior end of the European 
medicinal leech, Hirudo medicinalis, 
showing three slicing jaws. D and E, 
Ingestion of blood by Hirudo. 
Outward movement of teeth (D), 
followed by medial movement of 
teeth and dilation of pharynx (E). (A, 
Modified after Scribin; B, From Keegan, 
H. L., et al., 1968. 406th medical 
laboratory special report. U.S. Army Med. 
Command, Japan; C, Modified after 
Pfurtscheller; D and E, After Herter.) 
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FIGURE 13-77 Leech digestive and 
reproductive systems (Euhirudinea). A, 
Dorsal view of the digestive system of the 
European medicinal leech, Hirudo 
medicinalis (Arhynchobdellida). B, Ventral 
view of the digestive and reproductive 
systems of Glossiphonia complanata 

(Rhynchobdellida). (A, From Mann, K. H. 
1962. Leeches. Pergamon Press, Elmsford, New 
York; B, After Harding and Moore from 
Pennak, 1978) 
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pharyngobdelliforms, but more commonly it has 1 to 11 pairs of 

lateral ceca (Fig. 13-72A, 13-77B). Following the stomach is the 

intestine, which may be a simple tube or, as in the rhynchobdel- 

lids, have four pairs of slender lateral ceca. The intestine opens 

into a short rectum, which empties to the outside through the 

dorsal anus situated in front of the posterior sucker. 

All leeches are carnivores or bloodsucking ectoparasites. 

The bloodsucking leeches constitute about three-quarters of 

the known species, and the remainder are predators. The 

transition from predator to parasite is probably related to the 

size of the prey. Predatory leeches always feed on small inver- 

tebrates, including worms, snails, and insect larvae. Feeding 

is frequent and the prey usually is swallowed whole. Many 

predatory Rhynchobdellida, however, suck in the soft parts of 

their hosts and are thus intermediate between predators and 

dedicated bloodsuckers. In the laboratory, the predatory 

arhynchobdellid Erpobdella punctata consumed 1.78 tubificid 

oligochaetes per day and Helobdella stagnalis consumed 0.57 

per day. 

The bloodsucking leeches attack a variety of hosts, includ- 

ing invertebrates and vertebrates. Parasitic leeches are rarely 

restricted to one host, but usually they are confined to one 

group of vertebrates. For example, Placobdella feeds on almost 

any species of turtles and even alligators, but they rarely attack 

amphibians or mammals. On the other hand, mammals are 

the preferred hosts of Hirudo. Furthermore, some species of 

leeches that are exclusively bloodsuckers as adults are preda- 

ceous during juvenile stages. 

Bloodsuckers that attack mammals, such as Hirudo, attach 

the anterior sucker tightly to a thin area of the host’s skin and 

then slit it. The jaws of Hirudo make about two slices per sec- 

ond. The incision is anesthetized by a substance of unknown 

origin. The pharynx provides continual suction, and the secre- 

tion of hirudin prevents coagulation of the blood. Penetration 

of the host’s tissues is not well understood in the many jawless, 

pharynx-bearing species that are bloodsuckers. The everted 

pharynx becomes rigid, and it is possible that penetration is 

aided by enzymatic action. 

Leech digestion is peculiar in a number of respects. The 

gut secretes no amylases, lipases, or endopeptidases. The 

presence of only exopeptidases perhaps explains the fact that 

digestion in bloodsucking leeches is so slow. Also characteris- 

tic of the leech gut are mutualistic bacteria that are important 

in nutrition. In both the bloodsucking European medicinal 

leech, Hirudo medicinalis, and the predaceous Erpobdella octocu- 

lata, the gut bacteria are responsible for much of the leeches’ 

digestion; they may be significant in the digestion of all 

leeches. The bacterium Aeromonas hydrophila of H. medicinalis 

breaks down high-molecular-weight proteins, fats, and carbo- 

hydrates, and the bacterial population increases significantly 

following the ingestion of blood by the leech. The bacteria 

may also produce vitamins and other compounds that are 

used by the leech. 

Bloodsuckers feed infrequently, but when the opportunity 

arises, they gorge themselves on blood. A blood meal for 

Haemadipsa increases its body weight 10-fold, while Hirudo 

doubles or triples its weight in blood. Following ingestion, 

water is removed from the blood and excreted through the 

nephridia. A very slow digestion of blood cells ensues, during 

which the leech can tolerate long periods of fasting. Captive 

medicinal leeches are known to have fasted for one and a half 

years, and because they may require 200 days to digest a meal, 

they need not feed more than twice a year in order to grow. 

Reproduction 

Unlike many other annelids, leeches do not reproduce asexu- 

ally, nor can they regenerate lost parts. As clitellates, leeches are 

hermaphrodites, but they are protandric, not simultaneous 

hermaphrodites, and the testes mature before the ovaries. The 

unpaired male gonopore is midventral on segment 10 and 

the unpaired female gonopore is on segment 11 (Fig. 13-70). 

There is but a single pair of elongate ovaries and testes that 

span many segments. Each of the two testes extends for 10 seg- 

ments and is constricted into lobes, sacs, or follicles (the “testes” 

in Fig. 13-78A). The accessory reproductive organs are incorpo- 

rated into the sperm ducts and oviducts (Fig. 13-78), unlike in 

the oligochaetes, which have separate seminal vesicles and 

receptacles. Fertilization is internal in all leeches (Fig. 13-79F). 

Sperm transfer in the hirudinids, most of which have a 

penis, is similar to direct sperm transmission in earthworms 

(Fig. 13-79A). The ventral surfaces of the clitellar regions of 

a copulating pair come together, with the anterior end of 

one worm directed toward the posterior end of the other. 

Thus, the male gonopore of one worm apposes the female 

gonopore of the other. The penis is everted into the female 

gonopore and sperm are introduced into the vagina, which 

probably also acts as a sperm storage area. 

Sperm transfer in many rhynchobdellids and pharyngobdel- 

liforms, all of which lack a penis, is by hypodermic impregna- 

tion. The two copulating worms commonly intertwine and 

grasp each other with their anterior suckers. The ventral clitel- 

lar regions are in apposition, and by muscular contraction of 

the atrium (the last part of the sperm duct), a spermatophore 

is expelled from one worm and penetrates the integument of 

the other. The site of penetration is usually in the clitellar 

region, but spermatophores may be inserted some distance 

away. As soon as the head of the spermatophore has pene- 

trated the integument, perhaps by a combination of expulsion 

pressure and a cytolytic action by the spermatophore itself, the 

sperm are discharged into the tissues (Fig. 13-79F). Following 

liberation from the spermatophore, the sperm migrate to the 

ovisacs via the coelomic channels or use a tissue pathway, called 

target tissue, that is specialized to receive the spermatophore 

and conduct the sperm. 

Eggs are laid from two days to many months after copula- 

tion. At this time, the clitellum becomes conspicuous and usu- 

ally secretes a cocoon, as in the oligochaetes (Fig. 13-79B,C). 

The cocoon is filled with nutritive albumen produced by some 

of the clitellar glands. The cocoon then receives the one to 

many fertilized eggs as it passes over the female gonopore. 

As in albumen-secreting oligochaetes, the eggs are small and 

relatively yolkless. Beginning in May, Erpobdella punctata in 

Michigan, for example, produces some 10 cocoons, each with 

five eggs that hatch three to four weeks later. The cocoons are 

affixed to submerged objects or vegetation. Some piscicolids 

attach their cocoons to their fish hosts. Terrestrial species 

place them in damp soil beneath stones and other objects, 

and the hirudinids, such as Hirudo and Haemopsis, leave the 

water to deposit their cocoons in damp soil. 
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FIGURE 13-78 Leech reproductive system (Euhirudinea). A, Reproductive system of the fish leech Piscicola 
geometra (Rhynchobdellida). B, Reproductive organs of the European medicinal leech, Hirudo medicinalis 

(Arhynchobdellida). Testis sacs are associated with the vas deferens in more posterior segments. (A, After Brumpt 
from Harant and Grasse; B, After Leuckart and Brandes from Mann, 1962) 

The glossiphoniids brood their eggs. In some species the 

cocoons are attached to the bottom and covered and ven tilated 

by the ventral surface of the worm. In others, the cocoons are 

membranous, transparent, and attached to the ventral surface 
of the parent. During the course of development, the embry- 

onic leeches break free of the cocoon and attach themselves 

directly to the ventral surface of the parent (Fig. 13-79E). 

A larva (cryptolarva) develops within the cocoon of arhyn- 

chobdellid leeches. It has a pair of protonephridia and a mouth 

with which it imbibes the nutritive fluid within the cocoon. 

Most leeches have an annual or two-year cycle, breeding in 

the spring or summer and maturing by the following year. Life 

cycles are correlated in part with feeding habits. Some, such as 

Hirudo, are associated with the host only during actual feeding; 

others, such as the marine fish leech Herrtibdella, never leave 

the host. Most leeches leave the host at least to breed. Less 

than three months is required to complete the entire life cycle 

in Hemibdellci. 

Diversity of Hirudinomorpha 

B RANCH IOBDELU DA 
The taxon includes 150 species of tiny (1 to 10 mm) ectocom- 

mensals oi ectoparasites on the surfaces of crayfishes and fresh- 

water crabs. On crayfishes, some are ectoparasites on the gills, 

whereas others live on the exoskeletal surface and graze on or- 

ganic debris and microorganisms. Often the crustacean’s head, 

carapace, and other parts are covered with these whitish 

worms. Chaetae, prostomium, and pygidium usually are absent. 

Body has 15 segments, the last forming a sucker (Fig. 13-80). 

Head (peristomium plus three segments) is modified into 

a sucker with the mouth at its center. Buccal cavity contains two 

teeth, one dorsal and one ventral. Dorsal anus is on segment 

14. Segmented coelom, more or less typical annelidan hemal 

system, two pairs of metanephridia. Hermaphrodites with inter- 

nal fertilization. Zygotes deposited in cocoons attached to host. 

Embryos develop into crypcolarvae, as in arhychobdellid 

leeches. Branchiobdella. 

HIRUDINEA 

Sister taxon of Branchiobdellida. Includes typical leeches 

(Euhirudinea) with anterior and posterior suckers; also Acan- 

thobdella peledina, a primitive leech with only a posterior sucker 

and several plesiomorphic traits not inherited by euhirudineans. 

All hirudineans have crossed-helical (diagonal) body-wall mus- 

cles, sperm packaged in spermatophores, an unpaired female 

gonopore, and sperm storage that does not include seminal 

receptacles. 

Acanthobdella peledina 

Sole species in taxon; sister taxon of Euhirudinea. Ectoparasitic 

on boreal freshwater fishes (Alaska, northern Europe, and 

Asia). Feeds on host’s skin and blood. .Although clearly a leech, 
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FIGURE 13-79 Leech reproduction (Euhirudinea). A, Hirudinaria (Arhynchobdellida) copulating. B, Cocoon of 

Erpobdella octoculata (Arhynchobdellida). C, Erpobdella withdrawing from a cocoon. D, Spermatophore of 

Haementeria (Rhynchobdellida). E, Glossiphoniid brooding young. F, Section through two copulating Erpobdella 

individuals. Upper leech is injecting spermatophores into lower individual. (A, After a photograph by Keegan, etal., 

1968; B, After Pavlovsky from Harant and Grasse; C, From Nagao, Z. 1957. J. Fac. Sci. Hokkaido Univ. Ser. VI, Zool. 

13:192-196; D, After Pavlovsky from Harant and Grasse; E and F, After Brumpt.) 

Acanthobdella lacks an anterior sucker; instead, it attaches its 

oral end to the host with hooked chaetae borne on the first 

five segments (segments 2 to 6; prostomium and peristomium 

are absent). Unique among leeches in having chaetae, segmen- 

tal coelomic cavities, and septa (Fig. 13-81). Despite primitive 

arrangement of coelomic cavities and absence of an anterior 

sucker, Acanthobdella still moves in inchworm fashion and does 

not use peristalsis. Posterior sucker consists of terminal four 

segments (27 to 30). 

Euhirudinea 
Sister taxon of Acanthobdella peledina. 350 species of “true” 

leeches with anterior and posterior suckers. Body composed 

of prostomium plus 33 segments; posterior sucker of 7 seg- 

ments (27 to 33). Chaetae absent, segmental coeloms lack 

septa and mesenteries and have transformed into circulatory 

channels. 

Rhynchobdellida0; Aquatic leeches with a protrusible 

muscular pharynx (Fig. 13-82A-E), with coelomic and 

hemal circulatory systems. Feed by protruding pharynx, 

which seeks a favorable penetration site on the host’s 

surface, and then thrusts deeply into the body-wall tis- 

sues. Once inside, radial pharyngeal muscles contract 

and suck tissue and fluids into the leech’s gut. Some, 

such as Glossiphonia and Helobdella (GlossosiphoniidaeF), 

feed only on invertebrates, (snails, oligochaetes, crus- 

taceans, insects), but vertebrates (amphibians, turtles, 
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FIGURE 13-80 Leech diversity. 
Branchiobdellida. Lateral view of 
branchiobdellidan anatomy. 
The Roman numerals indicate 
segments. (Gelder, S. R., Brinkhurst, 

R. O. 1990. An assessment of the 

Branchiobdellida (Annelida, Clitellata), 

usingPAUP. Can. Jour. Zool. 

68:1318-1326 (Fig. 1) Reprinted with 

permission.) 

FIGURE 13-81 Leech diversity. Anatomy of Acanthobdella peledina. 
A, Gut and coelomic cavities (septa are present, but mesenteries are not). 
B, Central nervous system and nephridia (small dots at anterior end are 
chaetae). C, Gut and reproductive system. Labels: an = anus; at = atrium; 
ce - cerebrum, co — coelom; in = intestine; ne = nephridia; ov = ovary; 
pg — posterior ganglionic mass; ph = pharynx; ps = posterior sucker; 
sg - subpharyngeal ganglionic mass; ss = sperm sac; male and female 
gonopores also indicated. (AfterPurschke et al., 1993, from Ax, P. 2000. 

Multicellular Animals: The Phylogenetic System of the Metazoa. Vol. II. Springer- 

Verlag, Berlin. (Fig. 33).) 

snakes, alligators, crocodiles) are hosts for most species. 

The cosmopolitan Theromyzon attaches to the nasal mem- 

branes of shore- and waterbirds (Fig. 13-82E). Fish 

leeches (PiscicolidaeF) parasitize both freshwater and 

marine fish, including sharks, and rays (Fig. 13-82A-C). 

Their bodies often bear lateral gills. Glossosiphoniidae: 

Haementeria, Hemiclepsis, Placobdella, Theromyzon; Piscicoli- 

dae: Branchellion, Cystobranchus, Piscicola, Pontobdella, Ozo- 

branchus, Trachelobdella. 

Arhynchobdellida0: Flemal system absent, coelom consti- 

tutes sole circulatory system. Each segment typically has 

five annotations. Primarily aquatic, but some are amphibi- 

ous or even terrestrial. Semiterrestrial Haemopsis terrestris 

occasionally plowed up in fields in the midwestern United 

States. Fully terrestrial status has been attained in the 

HaemadipsidaeF, whose species inhabit humid rainforests 
in south Asia and Australia (Fig. 13-82G). Haemadipsa, 

Phytobdella. 

Gnathobdelliformess0: Chiefly aquatic or amphibious blood- 

suckers. Nonprotrusible pharynx and three pairs of slicing 

jaws in buccal cavity; salivary glands secrete the anticoagulant 

hirudin and other compounds. The aquatic Hirudo medici- 

nalis (European medicinal leech; HirudinidaeF; Fig. 13-70, 

13-77A) is the best-known leech. 

Before the age of modern medicine, medicinal leeches 

were used for centuries to restore the balance of body 

humors (blood, bile, phlegm), the imbalance of which was 

thought to be the cause of disease, historically, being bled 

by a leech (bloodletting or leeching) was probably ineffec- 

tive at best, and at worst may have hastened the patient’s 

departure to the hereafter. Examples of the latter include 

George Washington, who died after two days of bloodletting 

for a sore throat, and the Russian novelist Nikolai Gogol, 

who, in failing health and under physical restraint, had 

leeches applied to his nostrils. Gogol soon died, and an 

observer noted that the treatment “probably helped him die 

much faster.” 

Today, there is a more sanguine use for leeches in medi- 

cine: They are effective aids in the reattachment of skin 

flaps, severed fingers, and other appendages. After the 

appendage is surgically reattached, leeches are applied to 

the injured area. The leech replaces the damaged venous 

drainage in the injured area, thus allowing arteries to deliver 

oxygenated blood to the region. The leech saliva not only 

contains hirudin, which prevents blood clots, but also a 

vasodilator, which reestablishes blood flow to the newly 

attached part; a numbing anesthedc; and an antibiotic that 

i educes infection. Remarkably, the antibiotic is produced by 
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FIGURE 13-82 Leech diversity. Euhirudinea. External dorsal views of different species of leeches. A-C, Fish 

leeches (Rhynchobdellida, Piscicoiidae). A, Ozobranchus, showing lateral gills. B, Cystobranchus. C, Piscicola. D and 

E, Rhynchobdellid leeches (Glossiphoniidae). D, Glossiphonia complanata, a common European and North American 

leech that feeds on snails. E, Theromyzon, a cosmopolitan genus of leeches that attacks birds. F and G, 
Arhynchobdellid leeches. F, Erpobdella punctata (Erpobdellidae), a common North American scavenger and 

predatory leech. G, Haemadipsa (Haemadipsidae), a bloodsucking terrestrial leech of south Asia, poised on a leaf. 

(A, After Oka from Mann; B-F, From Sawyer, It J. 1972. North American Freshwater Leeches. University of Illinois Press, 

Champaign, IF; G, Adapted from Keegan, et al.) 
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FIGURE 13-83 Phylogeny of Clitellata. 1, Clitellata: clitellum; 
cocoon; brain behind prostomium. 2, Oligochaeta: muscular 
pharyngeal bulb or pad in mid-dorsal wall of pharynx. 
3, Hirudinomorpha: ectoparasitism; posterior sucker; anus is 
displaced dorsal and anterior to sucker; secondary superficial 
annulations overlie segments; unpaired midventral male gonopore. 
4, Branchiobdellida: chaetae are absent, prostomium is absent; 
15 segments (head has 4 segments), two pharyngeal jaws, two pairs 
of metanephridia. 5, Hirudinea: body composed of prostomium 
plus 30 segments; posterior sucker is 4 segments (27 to 30); more 
than two annulations per segment; central nervous system has 
31 pairs of ganglia (brain of 2 ganglia, subpharyngea! ganglion of 
4 ganglia, ventral nerve cord of 21 unfused ganglia, sucker of 4 fused 
ganglia); crossed-helical muscles between circular and longitudinal 
body-wall muscles; spermatophores, unpaired female gonopore. 
6, Acanthobdella peledina: lacks a prostomium and peristomium; 
29 segments; 40 oral chaetae used for attachment to host; 
nephridia lack funnels. 7, Euhirudinea: body of prostomium plus 
33 segments, posterior sucker is of 7 segments (27 to 33); 
central nervous system has 34 pairs of ganglia (brain of 2 ganglia, 
subpharyngeal ganglion of 4 ganglia, ventral nerve cord of 
21 unfused ganglia, sucker of 7 fused ganglia); chaetae are 
absent; anterior sucker; coelomic septa are absent, cavities 
converted into circulatory vessels; serial testes. 8, Rhynchobdellida: 
protrusible pharynx ( proboscis"). 9, Arhynchobdellida: hemal system 
is absent, coelomic circulatory system has vessels and capillaries. 
10, Gnathobdelliformes: slicing jaws like three semicircular 
scalpel blades in buccal cavity; hirudin (anticoagulant) 
secreted from jaw-associated glands; direct sperm transfer. 
11, Pharyngobdelliformes: elongate, spirally twisted pharynx 
adapted to consume large prey. (Modified from Ax, P 2000. 

Multicellular Animals: The Phylogenetic System of the Metazoa. Vol. II. 
Springer Verlag, Berlin. 396 pp.) 

one of the leech’s mutualistic gut bacteria (Aeromonas 

hydrophila), which normally helps the leech digest its blood 

meal. The antibiotic is used by the bacterium to eliminate 

competition from other microbes. Hirudinidae: Haemopsis, 

Macrobdella, Philobdella. 

Pharyngobdelliformes5’0: Predatory, best known for the 

freshwater Erpobdella, with its long, nonprotrusible phar- 

ynx that occupies the anterior one-third of the body 

(Fig. 13-82F). jaws are absent, but the muscular sucking 

pharynx, with its Y-shaped lumen, enables these leeches 

to engulf large invertebrate prey. Dina. 

PHYLOGENY OF CLITELLATA 
According to recent phylogenetic research, Clitellata includes 

the two major sister taxa Oligochaeta and Hirudinomorpha. 

Within Hirudinomorpha are the sister taxa Branchiobdellida 

and Hirudinea; within Hirudinea are Acanthobdella peledina and 

the Euhirudinea, or “true” leeches (Fig. 13-83). 

Apart from their clitellate characteristics, oligochaetes retain 

primitive annelid traits, with the possible exception of the mus- 

cular dorsal wall of the pharynx, which probably is an auta- 

pomorphy of Oligochaeta. According to some authorities, 

oligochaetes evolved direcdy from the ancestral marine annelid 

that radiated in the freshwater environment. Thus, the first 

oligochaetes probably were borrowers in freshwater sediment. 

Those burrowers may have given rise in one direction to 

the strictly freshwater species that invaded loose bottom debris 

and in another direction to the earthworms that invaded 

successively drier sediments. The primitive aquatic species had 

large, yolky eggs; a clitellum that was one cell layer thick; 

holonephridia; and a well-developed capacity for clonal repro- 

duction. From these, the terrestrial earthworms evolved a yolk 

(albumen)-secreting clitellum composed of several cell layers; 
smaller, less yolky eggs; enteronephridia for water conservation; 

and perhaps a greater reliance on sexual reproduction, 

although asexual reproduction by parthenogenesis occurs in 

several earthworms. 

The first leeches were probably ectocommensals, as are 

branchiobdellids, or facultative ectoparasites, as is Acantho- 

bdella peledina, on other animals. Perhaps because of the 

importance of remaining with their hosts, leeches first 

evolved an adhesive posterior sucker, and later, an anterior 

sucker around the mouth. Associated with the evolution of 

suckers came a change in the pattern of locomotion from 

whole-body peristalsis to inchworm-like creeping, which per- 

mitted movement without loss of attachment to the host. 

Accompanying the new form of locomotion, which relaxed 

the requirement for a series of paired segmental coelomic 

cavities (hydrostats), was a redesign of the leech body. This 

included dorsoventral body flattening and new, specialized 

muscles that allowed leeches to swim from host to host or to 

pursue prey, and a complex restructuring of many internal 

parts, such as the coelom, hemal system, nephridia, and 

reproductive organs. The loss of septa allowed the coelom to 

adopt the global circulatory function of the hemal system 

and eventually to replace it, but the loss of the hemal system, 

including a vascular filtration site, required a redesign of the 

nephridia. 
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poonworms (Echiura) and peanut worms (Sipuncula) are 

robust, coelomate marine worms of unusual form. They are a 

thrill to collect, bringing to mind alien beings, and a delight to 

observe alive, especially because of their peculiar body move- 

ments. Echiurans and sipunculans are superficially similar to 

each other in that both lack segmentation, probably a result 

of their similar life habits, and long ago they were classified 

together as Gephyrea. Because they are spiralians that have 

trochophore larvae, they are members of Trochozoa, but 

Echiura and Sipuncula probably are not sister taxa despite 

having affinities with annelids. 

ECHIURAP  

Echiurans, or spoonworms, are sausage-shaped marine animals 

with a tonguelike anterior prostomium, often of prodigious 

length, that can be rolled into a gutterlike “spoon” (Fig. 14-1). 

Many species, such as Thalassema, Urechis, and Ikeda, occupy 

U-shaped burrows in sand and mud (Fig. 14-2), whereas others 

live in rock and coral crevices. Echiurans range in size (trunk 

length) from approximately 1 cm (Lissomyema) to over 50 cm 

(Urechis). The majority live in shallow water, but a few occur 

at great ocean depths. Approximately 150 species have been 

described. Echiurans may be an important food in the diet of 

some fishes. In one dietary study of leopard sharks caught 

along the California coast, large, meaty Urechis was their food 

of choice. Apparently the sharks use suction to slurp the spoon- 

worms from their burrows. 

FORM AND FUNCTION 
The echiuran body consists of two distinct regions, a nonseg- 

mented cylindrical trunk and a flat, anterior prostomium also 

called a proboscis because it is preoral and prehensile, but it 

cannot be retracted into the trunk (Fig. 14-1). The whitish 

prostomium is ciliated ventrally and glandular elsewhere 

(Fig. 14-1, 14-3, 14-4B). It is highly mobile and capable of 

extending at least 10 times its retracted length. A specimen of 

Ikeda with a trunk length of 40 cm had a 1.5 m long pro- 

stomium, and the prostomium of an 8 cm long female Bonellici 

(Fig. 14-1B) can exceed 2 m. On the other hand, Urechis has 

a stubby prostomium that is always much shorter than its trunk 

(Fig. 14-ID). Prostomium length is related to feeding mode. 

The echiuran trunk may be gray, reddish brown, rose, red, 

or green. Adult and larval Bonellia (and other genera) are 

green because of bonellin, a toxic dermal porphyrin pigment 

that probably is antibiotic or antipredatory. A pair of short, 

hooked chaetae of (3-chitin occurs ventrally on the anterior 

part of the trunk (Fig. 14-1A,D). When they are extended 

from their chaetal sacs, they curve posteriorly and are used for 

digging as the animal burrows (Fig. 14-2A). In addition to the 

anterior chaetae, some echiurans, such as Echiurus and Urechis, 

have one or two circles of hooked chaetae around the poste- 

rior extremity of the trunk (Fig. 14-ID). These are used for 

burrow maintenance and anchorage. 

The body wall of the trunk consists of a thin, collagenous 

cuticle, a glandular epidermis, a three-layered musculature, and 

a ciliated peritoneum that lines the coelom (Fig. 14-4B,C). The 

three muscle layers usually are, from outer to inner, circular, lon- 

gitudinal, and crossed helical, but in Ikeda, the first two layers are 

reversed. The body wall of the prostomium differs from that 

of the trunk in being ciliated ventrally, lacking a spacious 

coelom, and having especially well-developed longitudinal and 

dorsoventral muscles (Fig. 14-4B). These muscles are responsi- 

ble for retracting and flattening the prostomium, respectively. 

The prostomium extends by creeping on its ciliated surface. 

A ventral transverse muscle is responsible for rolling the pro- 

boscis into the shape of a gutter. Echiurans are slow, sluggish ani- 

mals. Peristaltic waves along the trunk (Fig. 14-3) are used to 

ventilate the burrow. Extension-retraction movements of the 

prostomium are employed in feeding and to escape grazing 

predators. 

Prostomium 

Hooked chaeta 

Trunk 

FIGURE 14-1 Echiura: diversity. 
A, Thalassema hartmani from the 

southeastern coast of the United States. 
B and C, The European Bonellia viridis. 

B, Female; C, dwarf male (removed from 
female and magnified). D, The filter feeder 
Urechis caupo, from the west coast of the 
United States. (B and C, Modified and redrawn 

from MacGinitie, G. E. and MacGinitie, N. 

1968. Natural History of Marine Animals, 

McGraw-Hill Book Co., New York. 523 pp.) 
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FIGURE 14-2 Echiura: lifestyles and biological associations. A, Thalas- 
sema hartmani uses its anterior chaetae to scoop away sand as the trunk 
undergoes a slow peristalsis. Sometimes, but not always, the ciliated 
prostomium is used to gain initial entry into the sand. B, The small 
Lissomyema mellita is a crevice dweller and can often be found among 
mollusc shells and in dead sand dollar tests. C, Thalassema hartmani, the 
landlord worm of the east coast of the United States, constructs a 
U-shaped burrow from which it extends its deposit-feeding prostomium. 
The security and resources within the burrow attract commensals: 

a minute clam, Paramya subovata, and a small filter-feeding crab, 
Pinnixa lunzi. D, On the west coast of the United States, the filter- 
feeding Urechis caupo constructs a U-shaped burrow through which it 
pumps water and strains out food particles. Its burrow houses at least 
three commensals, the clam Cryptomya californica, the crab Pinnixa 
franciscana, and the scaleworm Hesperonoe adventor. (C, Modified from 
Ruppert and Fox, 1988; D, Modified and redrawn from MacGinitie, G. E., and 
MacGinitie, N. 1968. Natural History of Marine Animals, McGraw-Hill 
Book Co., New York. 523 pp.) 

FIGURE 14-3 Echiura: locomotion: Lissomyema mellita. 
Top, The extending prostomium is flattened against the 
substratum as it creeps slowly outward on its ventral cilia. 
Bottom, Once extended, regions of the prostomium curl 
ventrally to form an inverted gutter through which food is 
transported to the mouth at the anterior end of the trunk. 
While in their burrows, echiurans generate slow peristaltic 
waves, which pass from front to rear along the trunk, as 
seen in this photograph. Such movements create a 
ventilating water flow over the body. 
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The subepidermal nervous system includes a nerve ring 

around the perimeter of the adult prostomium, but in larval 

stages the brain consists of supra- and subpharyngeal ganglia 

joined by connectives, as in annelids. An unpaired ventral 

nerve cord, which is often pink from the presence of hemo- 

globin (neuroglobin), extends through the trunk (Fig. 14-4A). 

The nerve cord gives off segmentally paired lateral branches, 

each one associated with a ganglion-like cluster of nerve-cell 

bodies in the cord (Fig. 14-5). The segmental nerves innervate 

the body-wall musculature. Specialized sense organs, including 

nuchal organs (see Chapter 13), are absent in adult echiurans. 

Most echiurans are deposit feeders, but at least one, Urechis 

caupo (Fig. 14-ID), which lives along the California coast, filter 

feeds like the polychaete Chaetopterus (Chapter 13). Urechis has 

on its anterior trunk a glandular ring, from which it casts a 

mucous net onto the burrow lining. Peristaltic movements of 

the body pump water through the burrow and the net at a rate 

of approximately 1 L/h. Virtually all particles, including typical 

plankton, are trapped on the net as the water passes through. 

When loaded with food, the net is detached from the body, 

seized by the short prostomium, and swallowed. Urechis is often 

called the “innkeeper” because it hosts several commensals, 

including a polychaete scaleworm, a tiny clam, a filter-feeding 

crab, and a goby fish (Fig. 14-2D) in its protected, ventilated 

burrow. Similar commensals are common in the burrows of 

other species of spoonworms (Fig. 14-2C). 

Typical deposit feeders such as Thalassema and Bonellia 

extend the prostomium onto the surface of the sediment 

above their burrows. The prostomium glides outward from 

the trunk on its ventral ciliated surface (Fig. 14-3). When 

extended, the prostomium curls ventrally to form a gutter, 

along which deposited particles are transported to the mouth 

at its base. Any unusual disturbance to the prostomium causes 

its rapid retraction. 
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FIGURE 14-4 Echiura: anatomy. A, A generalized echiuran. B, Cross section of prostomium curled ventraily in 

feeding position. C, Cross section of the trunk. 
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FIGURE 14-5 Echiura: segmentation of the nerve cord. The ventral 
nerve cord (vnc) of a Bonellia viridis premetamorphic larva (female) 
viewed with a fluorescence microscope. The paired arrangement of 
fluorescent nerve-cell bodies and segmental nerves (sn) are clearly 
visible. 

The digestive tract is extremely long and coiled and loosely 

suspended in the coelom (Fig. 14-4A). In one specimen of 

Thalassema hartmani, for example, the uncoiled and out- 

stretched gut was 10 times longer than the trunk. The mouth is 

situated ventrally at the base of the prostomium, and the anus 

opens on the posterior end of the trunk. The intestine, which 

constitutes most of the gut, is the site of digestion (probably 

extracellular). An accessory gut, or siphon, originates from the 

anterior intestine, runs parallel to the intestine ventrally, and 

rejoins it posteriorly near the hindgut (14-4A,C). The siphon 

is an intestinal bypass that probably transports water ingested 

with food around the digestive region of the gut. It is thus 

functionally similar to the intestinal ciliary groove of sipuncu- 

lans, described later, and the intestinal siphon of sea urchins 

(Chapter 28). Such a bypass circumvents dilution of digestive 

enzymes by inadvertently ingested water. The hindgut widens 

into a cloaca, which receives the excretory tubules, before 

opening to the exterior at the anus. 

Echiurans, like sipunculans, have two coelomic cavities sepa- 

rated from each other by a septum (Fig. 14-4A). The trunk 

coelom is voluminous and unpartitioned except by partial 

mesenteries and radial muscles between the body wall and gut. 

Fluid is circulated throughout the coelom by muscular contrac- 

tions of the body and by cilia on the peritoneum. Circulating 

cells in the trunk coelom include hemoglobin-containing coe- 

lomocytes, amebocytes, and germ cells. The prostomial coelom, 

a small compartment restricted to the ventral part of the pro- 

stomium (Fig. 14-4B), contains only fluid; coelomocytes are 

absent. 

A hemal system is present in all echiurans except Urechis. 

The system consists of a hemal sinus around the foregut, 

from which blood is transported to the prostomium by a mid- 

dorsal vessel (Fig. 14-4A). Blood returns to the trunk in a pair 

of lateral prostomial vessels, which unite in the trunk to form 

a midventral, longitudinal vessel. Branches from the ventral 

vessel unite with the sinus to complete the circuit. Because 

there is no respiratory pigment in the colorless blood, it 

seems unlikely that this hemal system has a gas-transport 

role. It is more probable that the blood transports nutrients 

from the gut chiefly to the prostomium, nervous system, and 

musculature. 

Gas exchange in echiurans presumably occurs across the 

general body wall of both trunk and prostomium. While 

in the burrow, peristaltic ventilating movements of the body 

(Fig. 14-2D, 14-3) facilitate exchange across the trunk. Because 

the prostomium is flat and ribbonlike, oxygen transport to its 

musculature is probably by simple diffusion. The trunk, how- 

ever, is thick, and oxygen diffusing across the body wall is trans- 

ported internally by the hemoglobin-containing coelomocytes. 

In Urechis, body-wall gas exchange is supplemented by exchange 

across the wall of the cloaca and hindgut, which are enlarged to 

form a “water lung.” Circular and radial muscles on the wall of 

the cloaca create a tidal flow of water in and out of the “lung.” 

Gas exchange occurs across the cloacal and intestinal walls. 

Although Urechis alone has such a specialized water lung, other 

echiurans also ventilate the cloaca by inhalation of water 

through the anus. 

Excretion in echiurans is accomplished by two specialized 

organs known as anal sacs (Fig. 14-4A). Each anal sac is a thin- 

walled, hollow diverticulum from the wall of the cloaca that 

extends well into the trunk coelom. The anal-sac surface is cov- 

ered with numerous (sometimes thousands) valved, ciliated fun- 

nels, perhaps modified metanephridia, through which coelomic 

fluid enters the sac. It is not known whether the coelomic fluid 

contains an ultrafiltrate of the blood, and therefore it is uncer- 

tain whether the anal sacs are part of a filtration excretory 

system. Podocytes have not yet been found. In any case, the 

anal sacs produce urine and then discharge it into the cloacal 

outflow. 

REPRODUCTION AND DEVELOPMENT 
The sexes are separate in echiurans and, in Bonelliidae, sex- 

ual dimorphism is pronounced (Fig. 14-1B,C). The retroperi- 

toneal gonad is unpaired and attached to the wall of the ventral 

blood vessel (Fig. 14-4A). Gametocytes are released from the 

gonad into the trunk coelom, where they grow and mature into 

gametes. The gametes are then removed from the coelomic 

fluid by ciliated funnels on paired storage organs, the genital 

sacs (Fig. 14-4A). The sacs and their funnels, which number up 

to 20 segmental pairs, are metanephridia specialized for repro- 

duction only. Fully developed gametes are first selected and 

transported from the coelom into the sac by the funnels and 

then stored in the sac prior to spawning. When the animals 

spawn, the genital sacs contract and squeeze the gametes out 

through ventral pores. 

Gametes are shed into seawater, where fertilization occurs. 

The zygote undergoes spiral cleavage and a typical annelid cross 

(Fig. 14-15A,B) appears early in development. Development is 

determinate, mesoderm arises from a mesentoblast, and the 

coelom forms by schizocoely of paired mesodermal bands. 

Development that usually is indirect leads to a planktotrophic 

trochophore larva, often having two eyespots, in which both 

prototroch and telotroch are well developed (Fig. 14-6A). 
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Additional trochs (ciliated rings), called metatrochs, circle the 

larva between the proto- and telotrochs. During meta- 

morphosis, the pretrochal region becomes the prostomium and 

the growth zone and pygidium become the trunk (Fig. 14-6). 

The nerve cord originates from paired rudiments that later 

merge and fuse in the ventral midline. The juvenile nerve cord 

has a paired segmental (ladderlike) arrangement of nerve-cell 

bodies and lateral nerves identical to that in many annelids 

(Fig. 14-5). 

Reproduction in Bonellia differs from that of other echi- 

urans. A dwarf male, whose minute, ciliated body includes 

only a gonad, a seminal vesicle, and a pair of protonephridia 

(Fig. 14-1C), permanently inhabits the unpaired genital sac 

of the female. The male not only fertilizes the eggs, at ovipo- 

sition it also secretes gelatinous material used to bind the eggs 

together. The yolky eggs develop into lecithotrophic trocho- 

phores. If these short-lived larvae settle on an adult female pro- 

stomium, most become dwarf males; if they setde apart from a 

female, they metamorphose into juvenile females. Larvae 

induced to become males develop an adhesive organ 

with which they attach themselves to the prostomium of the 

female. Later, they enter the genital sacs, where they reside 

until needed to supply sperm to fertilize eggs. Male bonelliids 

are necessarily much smaller than females; do not have a pro- 

stomium, mouth, anus, or hemal system; and meet their meta- 

bolic needs by exchange with the female coelomic fluid in 

which they are bathed. 

DIVERSITY OF ECHIURA 
EchiuridaeF: Six species of Echiurus. Chaetae arranged in an 

anterior pair plus two rings around the posterior end of the 

trunk. Marine, in shallow temperate and tropical waters. 

UrechidaeF: Four species of Urechis. All construct U-shaped 

burrows through which water is pumped for gas exchange 

and filter feeding (Fig. 14-2D). Rudimentary prostomium 

assists in retrieval and ingestion of food-laden mucous net. 

Hemal system is absent. Anal water inhalation by cloaca 

and posterior intestine specialized for gas exchange. Two 

or three pairs of metanephridia in anterior trunk coelom. 

Trunk has an anterior pair of chaetae and a single posterior 

chaetal ring. 

Tha!assematidaeF: Approximately 70 species of Thalassema 

(Fig. 14-1A, 14-2C), Lissomyema (Fig. 14-2B), Listriolobus, and 

Ochetosoma, and others; chiefly in warm water. Lack circle of 

anal chaetae, but have a pair of stout chaetal hooks on the 

anterior trunk (14-1A). Ochetosoma has 4 or 5 segmental 

pairs of genital sacs and Ikedosoma pirotansis has up to 20, but 

most have 1 to 3 pairs. Thalassema hartmani: large spoon- 

worm on southeastern U.S. coast. Its burrow, like that of 

Urechis caupo, provides shelter and food for several commen- 

sals (Fig. 14-2C). Lissomyema mellita: southeastern U.S. coast, 

in tests of dead sand dollars and fissures in discarded mol- 

lusc shells; it enters the test when small and becomes too 

large to leave (Fig. 14-2B). Thalassema dendrorhynchus: pro- 

stomium has gill filaments; in brackish-water lake in India. 

Anelassorhynchus abyssalis: dredged off the California coast 

from a depth of 2000 m. 

BonelliidaeF: 70 species of Bonelliidae in warm and cold 

waters, at all ocean depths, approximately 60% of species 

below 3000 m, some at abyssal depths. Bonellia (Fig. 

14-1B,C) and most other species of Bonelliidae: pro- 

stomium long, often forked; trunk bears a pair of anterior 

chaetae, anal chaetae are absent; one to three unpaired 

genital sacs. Most species green because of bonellin. All 

exhibit pronounced sexual dimorphism; tiny males para- 

sitic on females. 

lkedidaeF: Monotypic taxon. Theda taenioides: large burrower, 

exceeding 1 m. Prostomium very long, can be autotomized 

and later regenerated; body-wall muscle layers include 

outer longitudinal and inner circular layers, opposite 

that in all other echiurans; up to 400 genital sacs in 

clusters rather than segmental pairs, suggesting secondary 

duplication. Sea of Japan. 
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^ ICURE 14 6 Echiura. trochophore and larval metamorphosis. A, The echiuran trochophore has two well- 
developed ciliary bands, the prototroch and telotroch. B and C, During metamorphosis, the preoral region of the 

trochophore becomes the prostomium and the postoral region becomes the trunk. The larval midgut/hindgut 

valve, a sheet of tissue, shifts ventrally during metamorphosis and roofs over the ciliated intestinal groove to form 

the intestinal siphon. Anal sacs develop from hindgut diverticula, and the nervous system, as in most protostomes, 

develops from the larval apical plate. (A, After Newby, W. W. 1940. From Pilger, J. F. 1978. Settlement and metamorphosis 

in the Echiura: A review. In Chia, F.-S., and Rice, M. E. (Eds.): Settlement and Metamorphosis of Marine Invertebrate Larvae. 

Elsevier Forth Holland, Inc., New York. pp. 103-122; B and C, Modified and redrawn from Pilger, J. F. 1978. Settlement and 

metamorphosis in the Echiura: A revieiu. In Chia, F.-S., and Rice, M. E. (Eds.): Settlement and Metamorphosis of Marine 

Invertebrate Larvae. Elsevier North Holland, Inc., New York. pp. 103-122.) 
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PHYLOGENY OF ECHIURA 
Molecular analyses of rRNA gene sequences and DNA sequences 

from the nuclear gene elongation factor 1-a consistendy place 

echiurans within Annelida, interpreting them as derived 

annelids that have suppressed segmentation. Most morpholo- 

gists, on the other hand, recognize a sister-group relationship 

between annelids and echiurans and are reluctant to include 

Echiura in Annelida because of the supposed absence of 

segmentation in the former. But morphological evidence for 

segmentation in echiurans is strong. They have two or more 

pairs of genital sacs (metanephridia) and a ladderlike series of 

paired cell bodies and lateral branches from the ventral nerve 

cord, both indications of segmentation. These traits, along with 

paired chaetae and a cleavage pattern (annelid cross) identical 

to those of annelids (Fig. 14-15), suggest that echiurans may well 

be a taxon of Annelida. If this union is formally adopted in the 

future, the echiurans may be classified as an annelid family 

defined by a unique prostomium, anal sacs, and the near loss of 

trunk segmentation. 

On the assumption that spoonworms are annelids that have 

suppressed segmentation, the phylogeny of echiuran taxa is 

PHYLOGENETIC HIERARCHY OF ECHIURA 

Echiura 

Echiuridae/Urechidae 

N.N. 

Thalassematidae 

N.N. 

Bonelliidae 

Ikedidae 

typically built around the derived loss of segmental characters, 

especially the loss of chaetae, the outward manifestation of 

segmentation. Thus Echiuridae, with three “segments” bear- 

ing chaetae is regarded as the primitive taxon, whereas thalas- 

sematids, bonelliids, and ikedids, which express only the 

anterior pair of chaetae, are considered to be the evolutionar- 

ily derived taxa. Still, the phylogeny of Echiura is incompletely 

researched and understood, as is evident in Figure 14-7. 

CD 
CD 

TD 

CD 
CD 

T3 

CD 
CD 

T3 

E 
CD 
CO 

CD 
CD 

T3 
A  
Z JZ 

o 
CO 
CD 0 

JZ CD CD z 
o JZ O 

LU ID t— CD 

FIGURE 14-7 Echiura: phylogeny. Characters in brackets, although 
part of the echiuran ground plan, are plesiomorphies. 1, Echiura: 
elongate, flattened, deposit-feeding prostomium; prostomium lacks 
sensory organs; one pair of anterior ventral chaetae, two posterior 
(anal) rings of chaetae; [outer circular, inner longitudinal muscle 
layers]; prostomial and trunk coeloms; [hemal system]; segmental 
metanephridia (reproductive genital sacs) with terminal funnels in 
anterior trunk; excretory funnels and anal sacs open into cloaca (with 
ventilatory water flow); intestine has a ventral siphon. 2, Urechidae: 
one ring of anal chaetae; reduced prostomium; glandular girdle on 
anterior trunk (mucous net production for filter feeding); hemal 
system lost; cloaca is a well-developed "water lung." 3, N.N.: anal 
rings of chaetae absent. 4, N.N.: very iong prostomium; unpaired 
metanephridium (genital sac). 5, Bonelliidae: forked prostomium; 
stalked funnels on anal sacs; sexual dimorphism. 6, Ikedidae: outer 
longitudinal, inner circular muscle layers; nonsegmental multiplication 
of metanephridia (genital sacs). 

SIPUNCULAp  

The 150 species of sipunculans are robust, tentaculate marine 

worms that superficially resemble burrowing sea anemones. 

Sipunculans are sometimes called “peanut worms,” because the 

plump contracted body of some species resembles a shelled 

peanut, or “starworms” after the radiating tentacles on the head 

(Fig. 14-8, 14-9; 14-10C). They range in length from 2 mm to 

more than 70 cm, although most do not exceed 10 cm. All are 

cryptic, mostly beige, bottom-dwelling animals, the majority 

living in shallow water. Some (such as Sipunculus) live in sand 

and mud, whereas others occupy coral crevices, empty mollusc 

shells (Phascolion), or annelid tubes. Several species bore into 

coralline rock and at least one bores into wood. Borers direct 

their anterior end toward the opening of the gallery, from which 

they extend their feeding tentacles. Densities as high as 700 indi- 

viduals per square meter of coralline rock have been reported in 

Hawaii. In parts of the tropical Indo-Pacific, large sipunculans 

are consumed as human food and their mummified bodies are 

available in Asian food markets. 

FORM AND FUNCTION 
The nonsegmented sipunculan body is divided into a slender 

anterior section called the introvert and a swollen posterior 

trunk (Fig. 14-8). The introvert ranges in length from approx- 

imately one-half to several times the length of the trunk. 

Regardless of its length, it can be fully retracted into the trunk 

(Fig. 14-9). The anterior end of the introvert is a flattened oral 

disc (Fig. 14-10) that bears the mouth, tentacles, and a dorsal, 

unpaired nuchal organ. The tentacles either surround the 

mouth or lie above it in an arc that partly encloses the nuchal 

organ. The tentacles usually are ciliated, and each bears 

a deep, ciliated groove on its inner, oral side (Fig. 14-10C). 

Posterior to the mouth and tentacles, the surface of the intro- 

vert is sometimes uniformly covered with hard papillae, rings 

of cat’s-claw-shaped hooks, or other cuticular elements. 
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FIGURE 14-8 Sipuncula: diversity. A, The sand burrower, Sipunculus 
nudus (10 cm). B, The crevice dweller Themiste lageniformis (1 cm). 
C, The rock borer Paraspidosiphon klunzingeri (2 cm). (C, Redrawn from 
Sterrer, W. (Ed.). 1986. Marine Fauna and Flora of Bermuda. John Wiley and 
Sons, New York. Plate 70, p. 227) 

The anus is located dorsally on the anterior end of the 

trunk in most species (Fig. 14-9, 14-10). The trunk itself may 

be smooth, but is often patterned by annulations, papillae, and 

creases. In some rock-boring sipunculans, the anterior trunk 

cuticle is thickened and sometimes calcified to form an anal 

shield (Fig. 14-8C). When the introvert is retracted, the shield 

blocks the entrance of the burrow in the same way that an 

operculum seals a snail’s shell (Fig. 14-1 ID). Some of these 

same species also have a thick, rough cuticle known as a cau- 

dal shield at the broad posterior end of the trunk. The 

caudal shield may aid in anchorage or in the boring process 

(Fig. 14-8C, 14-1 ID). Apparently, rock boring requires both 

mechanical abrasion and chemical softening. 

The sipunculan body wall consists of a cuticle composed 

of collagen fibers in a crossed-helical array. The hooks, hard 

papillae, and other structures are locally sclerotized parts 

of the cuticle. Beneath the cuticle are a glandular epidermis, 

circular and longitudinal muscle layers, and a noncontractile 

ciliated peritoneum that encloses the coeloms. One, two, or 

four introvert retractor muscles, depending on the species, 

originate on the lining of the trunk coelom, span the cavity, 

and insert on the wall of the esophagus (Fig. 14-10A,B). 

The locomotion of adult sipunculans is best developed in 

the burrowing species of the family Sipunculidae, at least one of 

which can swim (Fig. 14-11 A). In these, burrowing is accom- 

plished by thrusting movements of the introvert and peristalsis 

of the trunk (Fig. 14-1 IB). Contraction of circular muscles ele- 

vates the fluid pressure of the trunk, causing introvert eversion. 

Peristalsis results from alternate contraction of circular and lon- 

gitudinal trunk muscles. The movements of rock, wood, and 

crevice dwellers, on the other hand, are largely restricted to 

extension and retraction of the introvert (Fig. 14-9, 14-11C,D). 

Retraction of the introvert in all species, however, causes the 

trunk to swell and pressurize substantially. The increase in girth 

anchors the sipunculan in its burrow. 

Sipunculans have a J-shaped digestive tract, and the tubu- 

lar intestine is long and complexly coiled (Fig. 14-10A). The 

mouth is at the tip of the introvert and the anus is mid-dorsal 

on the anterior end of the trunk, except in Onchnesoma, 

in which it opens on the introvert. Sipunculans occupy blind 

FIGURE 14-9 Sipuncula: introvert eversion in Themiste lageniformis (1 or 2 cm). The bump at the base of the 
introvert is a papilla that bears the anus. 
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FIGURE 14-10 Sipuncula: anatomy. A, A generalized sipunculan with a well-developed contractile vessel. 
B, Cross section of the trunk. C, Expanded tentacles of Themiste alutacea. The nuchal organ can be seen just 
above the semicircular notch at the base of the tentacles. 

galleries, and the anterior placement of the anus at the 

gallery opening promotes sanitation. Behind the mouth, the 

esophagus descends into the trunk and joins the long intes- 

tine, which is wound into a double helix consisting of inter- 

twined descending and ascending coils. The ascending coil 

joins the rectum and anus. A longitudinal spindle muscle is in 

the axis of the coils. As the introvert retracts into the trunk, 

the contracting spindle muscle presumably compresses the 

intestinal coils free of kinks. The intestinal coils anchor to the 

body wall by numerous radial fixing muscles, the functions of 

which are to suspend the gut in the coelom and to help stir 

the intestinal contents. The intestinal gastrodermis is folded 

to form a dorsal longitudinal ciliary groove. Digestion in 

sipunculans is extracellular in the intestinal lumen, and the 

function of the ciliary groove probably is to shunt water, 

which could dilute the intestinal enzymes, past the digestive 

region of the gut. 

Sipunculans apparently are nonselective suspension or 

deposit feeders, and particulate material is collected on their 

ciliated tentacles. In burrowing species such as Sipunculus, the 

worm ingests the sand and silt through which it burrows. 

Some rock borers, such as Phascolosoma antillarum, spread the 

tentacular crown at the opening of the gallery while suspen- 

sion feeding. Other hard-bottom species extend the intro- 

vert over the rock surface and ingest deposited material. The 

mechanism of ingestion is not certain, but apparently food 

collected on the tentacles is ingested as the introvert and ten- 

tacles are retracted into the trunk. 

Sipunculans have two coelomic cavities, a tentacular coelom 

and a trunk coelom (Fig. 14-10A). The tentacular coelom forms 

a ring canal around the mouth and at the base of the tentacles. 

Three branches extend into each tentacle from the ring canal. 

The large and voluminous trunk coelom is separated from the 

tentacular coelom by an elaborate septum. The coelomic fluid 



498 Chapter 14 Echiurap and Sipunculap 

FIGURE 14-11 Sipuncula: locomotion and habitats. 

Swimming (A) and burrowing (B) by Sipunculus nudus. 

C, Themiste lageniformis, a crevice and rock dweller. 

D, Aspidosiphon, a rock-boring sipunculan having 

a calcareous anal shield that caps the opening when 

the introvert is retracted. 

in both cavities is kept in circulation by cilia on some of the 

peritoneal cells and by contractions of the muscular body. 

Hemerythrin-containing cells (hemerthryocytes) are the most 

common and conspicuous of the numerous coelomocytes. In 

addition to these, some sipunculans, such as Sipunculus, have 

micro-organs called ciliated urns. These may be attached 

FIGURE 14-12 Sipuncula: ciliated urns and nephridia. A, Ciliated urn 

of Sipunculus nudus. B, Cilia on the coelomic lining of Siphonosoma 

cumanense direct fluid toward the ciliated funnel of each nephridium. 

The lower lip of the funnel is attached to the coelomic lining, and the 

free upper lip (shown) arches upward like a scoop. 

(“fixed”) to the coelomic lining or may circulate (“free”) in the 

coelomic fluid. Free urns swim using a band of cilia and resem- 

ble microscopic medusae (Fig. 14-12A), Because of their appear- 

ance and mobility, they were first thought to be symbionts rather 

than specialized organs functioning in internal defense. Swim- 

ming urns secrete mucus, which trails behind them and entan- 

gles foreign material and exhausted coelomocytes. How the 

waste-laden urns leave the body, if indeed they do, is unknown. 

Sipunculans lack a hemal system, and transport between 

the two coelomic cavities occurs across the tentacle-trunk sep- 

tum by diffusion and perhaps by ultrafiltration. To facilitate 

this exchange, the tentacular coelom has developed one or 

two diverticula, the contractile vessels also called compensa- 

tion sacs), which project posteriorly along the sides of the 

esophagus into the trunk coelom (Fig. 14-10AJB). The con- 

tractile vessels increase the surface area for exchange between 

the two coelomic compartments. (Podocytes have been noted 

on the vessel walls of a species of Themiste.) In Themiste, these 

coelomic contractile vessels are long, branched, and super- 

ficially resemble the blood vessels of annelids. The contractile 

vessels may also function as fluid reservoirs for the collapsed 

tentacles when they are retracted. 

In the absence of blood vessels, coelomic fluid is the 

sole transport medium for gases and nutrients. The tentacles 

are important respiratory surfaces in sedentary rock and crevice 

dwellers such as Themiste (Fig. 14-9, 14-11C), but the entire body 

wall is a gill surface in sand-burrowing species. In burrowers 

such as Sipunculus (Fig. 14-8A), branches from the trunk 

coelom pass through the muscle layers to form a system of der- 

mal canals immediately below the thin epidermis. In Xenosiphon, 

outgrowths of these canals form slender, blind-ended gills that 

project above the body surface, similar to the tube feet of echino- 

derms. The coelomic fluid and hemerythrocytes circulating 

through the dermal canals bind oxygen diffusing across the skin 

and transport it to the trunk coelom and musculature. In 

Themiste, the oxygen affinity of the trunk hemerythrin is higher 

than that of the tentacle coelom. As a result, environmental 
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oxygen bound at the tentacles and transported to the trunk in 

the contractile vessels is removed by the trunk hemerythrin and 

delivered to the tissues of the trunk. 

Sipunculans have one (as in Phascolion) or two elongate, 

saclike metanephridia in the anterior part of the trunk (Fig. 

14-10A). Each has at its anterior end a ciliated funnel (Fig. 

14-12B) and a ventrolateral pore. It is not certain whether 

sipunculan metanephridia are filtration or secretion kidneys. 

Podocytes have been noted on the walls of the contractile ves- 

sels of Themiste, suggesting that filtration occurs there and that 

sipunculans have a metanephridial system. If so, it would 

be atypical because the podocytes occur between coelomic 

compartments and not at the usual interface between the 

hemal and coelomic spaces, although podocytes also occur 

between the coelomic cavities bf nemerteans. On the other 

hand, podocytes have also been observed on the outer surface 

of the nephridium itself, an arrangement functionally similar 

to a protonephridium. Whatever the arrangement, however, 

sipunculan metanephridia function in osmoregulation and in 

gamete storage and maintenance prior to spawning. 

The nervous system is subepidermal and consists of a dorsal 

brain above the esophagus and circumesophageal connectives 

that join the brain to the unpaired ventral nerve cord. The non- 

ganglionated nerve cord gives off a series of lateral branches that 

innervate the body-wall muscles. In Sipunculus nudus and other 

species, the cord is pink and may contain hemerythrin. Sensory 

cells are particularly abundant at the end of the introvert, which 

is used to probe the surrounding environment. They are also 

present elsewhere on the body. The nuchal organ is probably 

chemosensory (Fig. 14-10C). A pair of pigmented ocelli typically 

is embedded dorsally in the brain (Fig. 14-10A). 

REPRODUCTION AND DEVELOPMENT 
The sexes are separate in most sipunculan species, and incon- 

spicuous retroperitoneal gonads are situated at the base of the 

introvert retractor muscles (Fig. 14-10A). Gametes are released 

from the gonads at an early stage and undergo growth and 

maturation in the trunk coelom. When fully developed, they 

are removed from the coelomic fluid by the nephridial funnel 

and stored in the nephridial sacs (Fig. 14-12B). 

Sipunculans spawn their gametes into seawater and fertil- 

ization is external. The developing zygotes undergo spiral 

cleavage, and at the 64-cell stage they show a typical mollus- 
can cross (Fig. 14-15C,D). Development is determinate, 

embryos gastrulate by invagination or epiboly, and a mesento- 

blast gives rise to mesodermal bands, which undergo schizo- 

coely to form the trunk coelom. Embryos can develop directly 

into small worms, as in Phascolion cryptus, indirectly via a leci- 

thotrophic trochophore (Fig. 14-13A), as in Phascolion strom- 

bus, or indirectly via a secondary larva called a pelavosphera 

(Fig. 14-13D). 

The pelagosphera develops from the trochophore (with 

one exception), is usually planktotrophic and long-lived, 

and is the agent of long-range dispersal in sipunculans. The 

pelagosphera swims and feeds using a well-developed meta- 

trochal band of cilia that replaces the earlier prototroch. 

The larval head and metatroch can be retracted into the 

trunk (Fig. 14-13B-D). Metamorphosis of the pelagosphera 

involves the lengthening of the trunk, loss of the termi- 

nal organ, lengthening and remodeling of the head to 

form the introvert, and development of feeding tentacles 

(Fig. 14-13E). 

Mouth 

FIGURE 14-13 Sipuncula: larvae and metamorphosis of Golfingia misakiana. A and B, Nonfeeding 

trochophore larva. C and D, Feeding pelagosphera larva. The pelagosphera eventually settles and crawls over 

the bottom on its lip. As it does so, the eversible buccal organ probes the substratum and may dislodge food 

particles to be ingested by the mouth. The head, lip, and metatrochal region (D) of the pelagosphera can 

be retracted into the trunk for protection. The pelagosphera metamorphoses into a young sipunculan (E). 

Metamorphosis in this species requires approximately two weeks to complete. (All redrawn from Rice, M. E. 1978. 

Morphological and behavioral changes at metamorphosis in the Sipuncula. In Chia, F.-S., and Rice, M. E. (Eds.): Settlement 

and Metamorphosis of Marine Invertebrate Larvae. Elsevier North Holland, Inc., New York. pp. 83-102.) 
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DIVERSITY OF SIPUNCULA 
The 150 species of sipunculans are divided into two major taxa, 

Sipunculidea, with approximately 75% of the species, and Phas- 

colosomatidea, including the remaining 25% (Fig. 14-14A). 

They are found at all depths in polar to equatorial seas and in 

all benthic habitats—sand, silt, clay, limestone, wood, dead 

whale skulls, and nestled among fouling organisms. 

Sipunculideac: Tentacles encircle the mouth. Most burrow 

in marine sediments, but Phascolion strombus (hermit sipun- 

culan) and similar species occupy discarded snail shells. In 

some species of Phascolion, but not P. strombus, the body is 

permanently coiled to fit the whorls of its shell. Sipunculus 

nudus (Fig. 14-8A, 14-11A,B): best-known sipunculan; wide- 

spread, large, robust; burrows actively in sand. Xenosiphon: 

external gills on trunk; Themiste (Fig. 14-9, 14-IOC): stalked, 

branched tentacles; shallow water. 

Phascolosomatideac: Tentacles dorsal to mouth, in an arc 

around the nuchal organ. (Associated ring canal still encir- 

cles the mouth, but is indented dorsally, and nuchal organ 

is in that indentation; tentacles borne only on indented part 

of ring canal and thus are dorsal to the mouth.) Introvert 

usually bears a series of cuticular rings, each composed 

of tiny cat’s-claw-shaped hooks. Timestone (coral) borers 

Aspidosiphon (Fig. 14-1 ID) and Lithacrosiphon both have well- 

developed anal shields (calcified in Lithacrosiphon) and a 

right-angled introvert (Paraspidosiphon; Fig. 14-8C). Phascolo- 

soma: often has dark pigment patterns on introvert; includes 

wood-boring P turnerae, semiterrestrial P arcuatum from 

Indo-Pacific mangrove swamps, and nearshore P agassizii 

from U.S. Pacific Northwest. 

PHYLOGENY OF SIPUNCULA 
From the phylogenetic tree shown in Figure 14-14A, it is 

apparent that opportunities exist in the study of sipunculan 

systematics. This is particularly true for the Sipunculidea, 

which is paraphyletic. 

Identifying the sister taxon of Sipuncula has stymied sys- 

tematists, but most investigators link them to either annelids 

(Fig. 14-14B) or molluscs (Fig. 14-14C), and a few histori- 

cally to echinoderms. Although their similarities to annelids 

include a worm-shaped body, ventral nerve cord, spiral cleav- 

age, and a trochophore larva, these characteristics are wide- 

spread among trochozoan protostomes and are not unique 

to sipunculans and annelids alone. Recent morphological 

research suggests that a cuticle composed of crossed-helical 

collagen fibers (absent in molluscs) is a synapomorphy of 

sipunculans and annelids (Pulvinifera), but this trait also 

occurs in some flatworms, even nematomorphs, and may thus 

be a symplesiomorphy. Similarly, a pair of ciliated folds in the 

larval pharynx of sipunculans and many annelids is another 
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FIGURE 14-14 Sipuncula: phylogeny. A, Phylogeny of Sipuncula. 

1* Sipuncula: body composed of a large trunk, part of which is an 
eversible introvert; introvert bears mouth, tentacles, and unpaired nuchal 
organ; large, undivided trunk coelom; ring-shaped tentacular coelom with 
branches into tentacles and trunk (contractile vessels); tentacles surround 
mouth; two pairs of introvert retractor muscles, two metanephridia in 
anterior trunk; J-shaped digestive tract, descending and ascending 
intestine wind together in a helix, anus middorsal at junction of introvert 
with trunk; dorsal intestinal ciliary groove; collagenous cuticle with 
fibers in crossed-helical array, cuticle has scattered simple hooks; 
hemerythrin in cells. 2, Phascolosomatidea: tentacles in arc above mouth 
and partly enclosing nuchal organ; cuticle hooks are complex and in rings. 
B and C, Competing phylogenies for Sipuncula based on morphology. 
B, Sipuncula and Annelida (Pulvinifera, of Ax, 2000) as sister taxon 
of Mollusca. 1, Trochozoa, in part: Trochophore larva; hemal system. 
2, Mollusca: locomotory foot; tetraneury; mantle cavity with gills; calcified 
exoskeleton; hemocyanin. 3, Pulvinifera: fibrous collagenous cuticle; 

dorsolateral ciliary folds in pharynx. 4, Sipuncula: introvert; tentacular and 
trunk coeloms; contractile vessels; reflexed, coiled intestine; unpaired 
nuchal organ; unpaired, nonganglionated ventral nerve cord; hemal 
system lost. 5, Annelida: segmentation; teloblastic growth; paired 
nuchal organs; chaetae of 0-chitin. C, Sipuncula and Mollusca as sister 
taxon of Annelida. 1, Trochozoa, in part: trochophore larva; hemal system. 
2, N.N.: molluscan cross at 64-cell stage. 3, Sipuncula: introvert; tentacular 
and trunk coeloms; contractile vessels; reflexed, coiled intestine; unpaired 
nuchal organ; unpaired nonganglionated ventral nerve cord; hemal 
system lost. 4, Mollusca: locomotory foot; tetraneury; mantle cavity 
with gills; calcified exoskeleton; hemocyanin. 5, Annelida: segmenta- 
tion; teloblastic growth; paired nuchal organs; chaetae of (3-chitin. 
(A, Characters drawn primarily from Cutter, E. B. 1994. The Sipuncula. Their 

Systematics, Biology, and Evolution. Cornell University Press, Ithaca, NY. 453 pp.; 

B and C, Based on Ax, P. 2000. Multicellular Animals. Vol. 2. Springer Verlag, 

Berlin. 396 pp.; Nielsen, C. 2001. Animal Evolution: Interrelationships of the 

Living Phyla. 2nd Edition. Oxford University Press, Oxford,. 563 pp.) 
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FIGURE 14-15 Echiura and Sipuncula: developmental patterns 

of possible evolutionary significance. A peculiar but characteristic 

arrangement of blastomeres appears at the animal pole of some 

spiralian embryos at the 64-cell stage. The pattern consists of four pairs 

of cells, each pair radiating outward from the animal pole like a spoke 

on a bicycle wheel, and a central hub composed of four additional 

cells. The four radial spokes are equidistant from each other and 

together form an X called the "cross." The four "hub" cells, the 

"rosette," are also arranged radially and directly above the animal 

pole. In annelids, the arms of the cross extend outward along 

interradial lines, passing between the rosette cells, and the resultant 

pattern is called the annelidan cross (A). In molluscs, on the other 

hand, the four arms of the cross extend outward along radial lines 

drawn through the rosette cells. This figure is known as the molluscan 

cross (C). Other than in annelids and molluscs, rosette and cross 

synapomorphy. Molecular systematic analyses, based on ribo- 

somal and mitochondrial gene sequences, identify Sipuncula 

alone or Sipuncula plus Nemertea as the sister taxon of 

Annelida. The hallmark of annelids, however, is a segmented 

body, an attribute absent in sipunculans except perhaps in the 

developmental pattern of the ventral nerve cord, which resem- 

bles that of echiurans (Fig. 14-5). If sipunculans secondarily 

suppressed segmentation, perhaps they did so following the 

pattern of echiurans and, to a lesser extent, leeches. Unlike 

annelids, sipunculans (and nemerteans) lack a hemal system 

and rely solely on coelomic cavities for internal transport. Loss 

of a hemal system by sipunculans may be related to suppressed 

segmentation. A convergent loss of a hemal system occurs in 

annelids with reduced segmentation, such as glycerid poly- 

chaetes (bloodworms) and higher leeches. 

A sister-taxon relationship to Mollusca relies on the pre- 

sumed homology of mollusclike features expressed during 

sipunculan development (Fig. 14-14C, 14-15). These include 

a molluscan cross shared uniquely with molluscs (Fig. 14- 

15C,D) as well as a protrusible, scraping buccal organ and 

a muscular, creeping lip in the pelagosphera (Fig. 14-13D), 

which are reminiscent of the molluscan buccal mass, radula, 

patterns have been noted only in embryos of Echiura and Sipuncula. 

Echiurans have an annelid cross (B) and sipunculans, a molluscan cross 

(D). The developmental fates of the rosette and cross cells do not shed 

further light on the evolutionary relationships of these two taxa: In 

both annelids and molluscs, the rosette cells become the apical plate, 

and the cross cells join other cells to form the pretrochal epidermis of 

the trochophore larva. (A, Modified and redrawn from Wilson, E. B. 1892. 

The cell-lineage of Nereis. J. Morphol. 6:361-466.; B, After Newby, W. W. 

1932, from Kume, M., and Dan, K. 1968. Invertebrate Embryology. NOLIT 

Publishing House, Belgrade. 605 pp.; C, Modified and redrawn from McBride, 

E. W. 1914. Text-book of Embryology. Vol. 1. Invertebrata. Macmillan and Co., 

Ltd., London. 692 pp.; D, After Gerould, J. H. (1906) from Rice, M. E. 1985. 

Sipuncula: Developmental evidence for phylogenetic inference. In Conway 

Morris, S., George, J. D., Gibson, R., et al. The Origins and Relationships of 

Lower Invertebrates. Oxford University Press, Oxford, pp. 274-296.) 

PHYLOGENETIC HIERARCHY OF SIPUNCULA 

Sipuncula 

Sipunculidea 

Phascolosomatidea 

and foot. If the sipunculans are the nearest living relatives of 

the molluscs, however, the divergence between them must 

have been early indeed, well before the adoption of many 

typical molluscan features. 
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PANARTHROPODAsp ONYCHOPHORAp 

Shrimps, spiders, butterflies, centipedes, velvet worms, water 

bears, and several million other species share similarities in 

anatomy, development, and nucleotide sequences, sug- 

gesting that they should be grouped together in a taxon 

(superphylum) that has been given the name Panarthro- 

poda. The constituent taxa (phyla) are Arthropoda, Ony- 

chophora, and Tardigrada (Fig. 16-15). These myriad species 

(mostly undescribed) are segmented and have paired seg- 

mental appendages and a secreted exoskeleton that must be 

molted to permit growth. Two small panarthropod taxa, 

Onychophora and Tardigrada, are the subject of this chapter, 

whereas the enormous taxon Arthropoda will be cov- 

ered in several subsequent chapters. General features of 

panarthropod morphology and evolution, which are men- 

tioned briefly in this chapter, will be discussed more fully in 

the next chapter. 

Onychophorans, or velvet worms, are terrestrial, wormlike bilat- 

erians with strong morphological similarities to arthropods 

and, to a lesser extent, the annelids. Because they resemble 

worms with legs they are sometimes called “walking worms” (Fig. 

15-1 A). The 110 described species are restricted to the tropics 

and the temperate southern hemisphere. Onychophorans are 

nocturnal, negatively phototactic, and found in humid, usually 

dark habitats. Superficially they resemble caterpillars, but have 

also been compared with slugs. They often live in rain forests 

in leaf litter or under objects on the forest floor. In unfavorable 

environmental conditions (cold or drought), they move into the 

soil and become dormant until conditions improve. 

Onychophora is of interest for the contributions it makes 

to our understanding of the evolution of Arthropoda. Ony- 

chophorans exhibit a number of traits similar to the arthro- 

pods and annelids, but are more closely related to arthropods. 

FIGURE 15-1 Onychophora. A, Peripatus. The papillae of the body surface are conspicuous. The antennae can 
be seen to the right, and the legs are evident below the animal. B, Anterior of Peripatopsis capensis (ventral 
view). C, Posterior of a male Peripatus corradoi (ventral view). (B, After Cuenot, L. 1949. 19: Les Onychophores. In 

Grasse, P.-P. (Ed.): Traite de Zoologie. Vol. 6. Masson et Cie, Paris, pp. 3- 73.; C, After Bouvierfrom Cuenot.) 
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FORM 
Onychophorans are wormlike with numerous paired, segmen- 

tal appendages (Fig. 15-1 A). They are soft-bodied and the skin 

is dry and velvety smooth to the touch, resulting in the com- 

mon name of “velvet worm.” Most are 5 mm to 15 cm in 

length. The body is more or less cylindrical in cross section, 

although flattened ventrally, and is coated with numerous 

large and small papillae (Fig 15-1 A). The papillae are covered 

with tiny scales, and the larger papillae bear a sensory bristle 

(Fig. 15-2B). 

Onychophorans are segmented animals, as evidenced by 

the serial repetition of appendages, ostia, nephridia, and gan- 

glia. The body, however, shows no external signs of segmental 

divisions, other than the regular, segmental spacing of the 

appendages (Fig. 15-1A). Tagmosis is weak, with the anterior 

end forming a short head that is scarcely distinct from the 

long posterior trunk. 

The body bears 13 to 43 pairs of segmental trunk appendages 

plus another 3 pairs of head appendages. All of the trunk 

appendages are similar, uniramous, stubby, fleshy legs (Fig. 

15-1B). These conical, unjointed appendages are lobopods with 

internal musculature. Lobopods, which are saclike and lack 

articulations, are an unusual type of appendage found in Ony- 

chophora and Tardigrada. Males usually have fewer legs than 

females. They can bend at any position along their length, and 

each terminates in a pair of sclerotized claws. The name Ony- 

chophora (onych = claw, phor = to carry) is a reference to the 

claws. The leg contacts the substratum with a set of spiny pads 

situated at the base of the claws, and each leg has numerous 

sensory papillae. 

Every leg bears a coxal organ (also called a coxal vesicle or 

coxal sac) on the ventral surface at its base (Fig. 15-1C). The 

coxal organs are eversible and appear to be used to gather 

water from the substratum. Similar structures are present in 

some myriapods. Ectodermally derived crural glands occur at 

the base of some legs in some species. These secretory glands 

open to the exterior via crural papillae (Fig 15-1C) on the ven- 

tral surface of the leg. 

The head bears three pairs of appendages (Fig. 15-1B). Ante- 

riormost is a pair of annulated, sensory antennae. The sharp, 

sclerotized, and clawlike mandibles that lie deep in the oral 

cavity lacerate prey. The third pair of appendages is the oral 

papillae, onto which open a pair of very large slime glands (Fig. 

15-3B). The slime glands are modified crural glands. The milky- 

white slime ejected from the papillae is used to entangle prey 

and would-be predators. Homology between onychophoran 

antennae, mandibles, and oral papillae and their arthropod 

counterparts is uncertain. 

BODY WALL AND LOCOMOTION 
The onychophoran body is covered by a thin, chitinous cuti- 

cle, or exoskeleton (Fig. 15-2A). The cuticle is flexible and 

permeable, but resembles that of arthropods in its composi- 

tion and organization. It is composed of a-chitin and protein 

FIGURE 15-2 Onychophora. A, An epidermal cell of Peripatus acacioi, showing the three layers of the surface 
cuticle: epicuticle (1), exocuticle (2), and endocuticle (3). Tonofilaments anchoring the muscle layer to the cuticle 
are labeled T. P = Pigment granule. B, Scanning electron micrograph of the body surface of Peripatopsis moseleyi, 
showing a large papilla with its terminal sensory bristle and several small papillae without bristles. The papillae are 
covered with small scales. (A, AfterLavallard from Starch, V. 1984. Onychophora. In Bereiter-Hahn, J., Matoltsy, A. G., and 
Richards, K. S. Biology of the Integument. 1. Invertebrates. Springer-Verlag, Berlin, p. 704.) 
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and consists of a thin epicuticle underlaid by a procuticle that 

consists of an exocuticle and endocuticle. The exocuticle and 

the outer layer of the epicuticle contain tanned proteins. The 

onychophorans’ highly permeable cuticle requires that they 

live in habitats or microclimates with high relative humidity. 

The cuticle is molted frequently, sometimes as often as every 

two weeks during a lifespan of up to six years. The cuticle is 

thin and flexible throughout and has no sclerotized plates. 

Because of its flexibility, onychophorans can squeeze them- 

selves into small crevices. The arthropod cuticle and molting 

are discussed in more detail in Chapter 16. 

The cuticle is secreted by a monolayered epidermis (Fig. 

15-2A). Muscles join the cuticle via tonohlaments traversing the 

epidermis (Fig. 15-2A). There are abundant pigment granules 

of a variety of colors in the epidermal cells. Onychophorans can 

be blue, green, orange, or black, and the papillae and scales 

give the body surface a velvety, iridescent appearance. 

A thick layer of connective tissue lies below the epidermis. 

It consists primarily of layers of collagen fibers in an orthogo- 

nal pattern with fibers either parallel or perpendicular to the 

long axis of the body. 

Three uninterrupted layers of smooth, unspecialized body- 

wall muscles (Fig. 15-3A) lie inside the connective tissue. The 

outermost layer of circular muscles is adjacent to the connec- 

tive tissue. The innermost layer consists of longitudinal fibers. 

Between these two major muscle layers is a thinner sheet of 

oblique muscles. Dorsoventral muscles divide the hemocoel 

into compartments—two lateral and one median. The body- 

wall muscles extend into and are used to move the legs. Most 

aspects of the body wall, with the exception of the molted, 

chitinous cuticle, are similar to those of other soft-bodied bilat- 

erians, such as the annelids, and unlike those of arthropods. 

The longitudinal muscles border the hemocoel, which is 

the onychophoran body cavity. The reduced coelom is repre- 

sented by nephridial sacs and gonads, as in arthropods. The 

viscera, including the gut, slime glands, salivary glands, heart, 

saccate nephridia, reproductive system, and nervous system, 

are immersed in blood in the hemocoel. 

Onychophorans hold their body above the substratum and 

crawl slowly using their legs in combination with extension 

and contraction of the body. Body length is controlled by the 

circular and longitudinal body-wall muscles acting in conjunc- 

tion with the hemocoel. 

When a segment is extended by contracting the circular mus- 

cles, both of that segment’s legs lift off the ground and move for- 

ward in a recovery stroke. The effective stroke is accomplished 

by shortening the segment by contracting the longitudinal mus- 

cles. The effective strokes of the two legs of a segment do not 

alternate as they do in most crawling arthropods. 

NUTRITION 
Onychophorans prey on small arthropods. Secretions of the 

two slime glands are ejected from pores on the oral papillae. 

Jets of slime may extend up to 15 cm from the animal. The 

proteinaceous slime entangles the prey and is immediately 

denatured by exposure to air, resulting in a stickiness that 

is lost after a few minutes. The slime does not stick to the 

hydrophobic cuticle of the onychophoran itself. Slime glands 

are large, branched organs located in the middle region of the 
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FIGURE 15-3 Onychophora. A, Diagrammatic cross section through the body of an onychophoran. B, Internal 

anatomy of a female onychophoran, dorsal view. (Both after Snodgrass, R. E. 1938. Evolution of the Annelida, 
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hemocoel (Fig. 15-3B). Each of the two glands connects to 

pores on the oral papillae by a thick duct that serves as a reser- 

voir for undischarged slime. The slime glands are the modi- 

fied crural glands of the segment of the oral papillae. 

The subterminal mouth is in a shallow prebuccal depres- 

sion on the ventral surface of the head (Fig. 15-1B). The 

opening to the depression is surrounded by lips. When feed- 

ing, onychophorans lacerate the prey with the mandibles and 

flood it with saliva. The saliva contains hydrolytic enzymes and 

mucus secreted by a pair of salivary glands, which open by 

a single duct into the anterior foregut. The salivary glands are 

modified saccate nephridia of the head segments and as such 

consist of an end sac with podocytes and a duct. Digestion 

begins externally. 

The gut consists of a foregut, midgut, and hindgut. The 

foregut, which includes the pharynx and esophagus, is lined 

with an epidermal epithelium and its cuticle. The mouth 

opens into the muscular pumping pharynx (Fig. 15-3B). The 

pharynx pumps partially predigested liquid food through the 

esophagus into the midgut. The long midgut (the intestine) 

extends for most of the length of the animal, and its gastroder- 

mis is absorptive and secretory. As an endodermal derivative, it 

is not lined with cuticle. A peritrophic membrane similar to 

that of insects and crustaceans is secreted around the food 

mass as it enters the midgut. This protects the delicate midgut 

walls from abrasion. The hindgut is the rectum. It is ectoder- 

mal and lined with cuticle. The rectum opens to the exterior 

via the anus on the ventral surface near the posterior end of 

the animal (Fig. 15-1C). 

INTERNAL TRANSPORT, GAS 
EXCHANGE, AND EXCRETION 
The hemal system (Fig. 15-3A), like that of most arthropods, 

includes a spacious hemocoel and lacks capillaries. The heart 

is a muscular, dorsal tube penetrated by paired segmental 

ostia. Its anterior end opens into the hemocoel, but it is not 

known if the posterior end is open or closed. Blood vessels are 

absent or, at best, represented by a pair of antennal arteries, so 

the system may be referred to as “open.” The heart wall con- 

sists of a monolayered muscular epithelium with a basal lam- 

ina and is richly supplied with tracheae. 

The hemocoel is a spacious cavity surrounding the internal 

organs and filled with blood. Like the hemocoel of arthropods, 

it is divided by a perforated horizontal diaphragm, or pericar- 

dial septum, into a dorsal pericardial sinus and a ventral peri- 

visceral sinus (Fig. 16-7). The pericardial sinus surrounds the 

heart, whereas the larger perivisceral sinus contains most of the 

remaining viscera. Blood flow is similar to that of other arthro- 

pods. During diastole, blood from the pericardial sinus enters 

the heart through its ostia. During systole, the heart’s circular 

muscles contract, the ostia close, and blood is propelled from 

the anterior end of the heart into the perivisceral hemocoel. 

The blood then flows over the tissues in the hemocoel and 

makes its way back through the perforated diaphragm into the 

pericardial sinus and then through the ostia into the heart 

lumen. The colorless blood lacks respiratory pigment, but con- 

tains nephrocytes and amebocytes (hemocytes). 

The gas exchange organs are tubular, air-filled tracheae, 
which occur in clumps, or tufts, and deliver oxygen directly to 

the tissues. Tracheal tufts are scattered over the body surface, 

but are most abundant dorsally. Each tracheal tuft consists of 

a short tubular depression, or atrium, in the body surface. The 

floor of the atrium bears numerous minute openings, the spi- 

racles, each of which opens into a single narrow, unbranched, 

trachea. The tracheae are minute tubes of less than 3 pm in 

diameter that have an exceedingly thin cuticle. There may be 

as many as 75 of these tufts per trunk segment. 

The segmental excretory organs are paired saccate 

nephridia. Each consists of an end sac with podocytes con- 

nected to an exterior nephridiopore via a duct (Fig. 15-3A). 

The end sac, a coelomic derivative, contains a tiny coelomic 

space. The duct is derived from the metanephridium, and 

in Onychophora its nephrostome is ciliated. The annelid 

nephrostome is also ciliated, but that of arthropods is not. In 

this respect the onychophoran nephridium is transitional 

between that of annelids and arthropods. The nephridiopores 

are situated ventrally at the base of the legs (Fig. 15-1C). 

Almost all trunk segments have a pair of nephridia. 

Onychophoran nephridia function like those of arthro- 

pods, with ultrafiltration from the hemocoel into the end sac 

followed by resorption and secretion in the duct. Some secre- 

tory glands, such as the salivary glands and posterior male 

accessory genital glands (anal glands) are modified nephridia. 

NERVOUS SYSTEM AND SENSE 
ORGANS 
The ladderlike nervous system is similar to that of both annelids 

and arthropods, consisting of a dorsal brain, circumenteric con- 

nectives, and a pair of ventral nerve cords connected by com- 

missures (Fig. 15-3A,B). The nervous system arises in the em- 

bryo from a series of paired ectodermal placodes. 

The nervous system is weakly cephalized, with a concentra- 

tion of neurons in the anterior brain. The bilobed brain has 

right and left lobes, or hemispheres, as it does in annelids, and is 

located dorsally in the head. There is no indication of an artliro- 

podan syncerebrum (three-part brain) in the adult, although 

such a brain has been reported in embryos. About 15 pairs of 

nerves arise from the brain and consist of sensory and motor 

neurons. Its major nerves are the sensory antennal and optic 

nerves from the antennae and eyes, respectively. Circumenteric 

connectives exit the brain posteriorly and extend along the ven- 

tral body wall as the ganglionated longitudinal ventral nerve 

cords. Other than the brain, no anterior concentration of seg- 

mental ganglia occurs, as it does in most arthropods. 

The paired ventral nerve cords are very far apart (Fig. 15-3A). 

The paired segmental ganglia (neuromeres) are not swollen and 

consequently are indistinct. Each pair of ganglia is joined by 9 or 

10 transverse commissures (Fig 15-3B). Mixed nerves (sensory 

and motor) supply the appendages and body wall. 

Onychophorans have several types of sensilla that involve, 
as in arthropods, a specialized area of the cuticle associated 

with sensory neurons. The body is covered by sensory papillae 

(the large papillae mentioned earlier) equipped with a 

mechanoreceptive sensory bristle at the tip and sensory neu- 

rons inside (Fig. 15-2B). Other sensilla that occur on the lips 

and antennae are chemoreceptive. Some of these sensilla con- 

tain modified cilia with irregularly arranged microtubules that 

do not conform to the typical 9 + 2 pattern. 
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There is a small eye on the dorsal surface at the base of 

each antenna. The eyes are direct ocelli with a secreted chitin- 

ous lens, a cornea, and a retina composed of photoreceptor 

and pigment cells. The photoreceptors are modified ciliated 

cells with a photosensitive pigment on the ciliary membrane. 

The eyes arise from an epidermal invagination and are inner- 

vated by the anterior part of the brain. 

REPRODUCTION AND DEVELOPMENT 
Onychophorans are always gonochoric and sexually dimor- 

phic, with males being smaller than females. The gonads are 

paired coelomic derivatives connected by gonoducts (coelomo- 

duct derivatives) to an unpaired gonopore on the posterior 

ventral surface (Fig. 15-1C). They have internal fertilization 

and sperm are transferred by spermatophores. 

The female reproductive system consists of paired ovaries 

coalesced along the midline and attached to the horizontal 

diaphragm (Fig. 15-3B). The paired female gonoducts con- 

nect the ovary with the single gonopore located on the pos- 

terior ventral midline. Each gonoduct is differentiated into 

a proxfmal oviduct and distal uterus (Fig. 15-3B) in viviparous 

species. The uteri join to form a single vagina that connects 

with the gonopore. Eggs are gestated in the uteri, which may 

contain many embryos simultaneously. In females of oviparous 

species, there is a seminal receptacle for the storage of sperm 

and the gonopore opens at the end of a large ovipositor. 

The male reproductive system is paired proximally and sin- 

gle distally. The testes, seminal vesicles, and vasa efferentia are 

paired and not fused. The vasa efferentia join to form a single 

vas deferens, which enlarges to become the ejaculatory duct. 

The ejaculatory duct opens to the exterior via the male gono- 

pore on the posterior ventral surface (Fig. 15-1C). Sperm are 

flagellated with axonemal microtubules in the typical 9 + 2 

pattern. 

Spermatophore transfer varies with species. In some (such 

as the South American Peripatopsis, which lacks seminal recep- 

tacles) the spermatophores are attached to the outside of the 

female’s body. Amebocytes from the female’s blood secrete 

enzymes to hydrolyze an opening in the body wall directly 

under the spermatophore. The sperm enter the hemocoel 

through this opening and make their way to the ovary, where 

fertilization occurs. In others (such as Peripatus) the sper- 

matophore is placed in the female gonopore. Sperm transfer 

in onychophorans with seminal receptacles is not understood. 

Males of some taxa have what appears to be a penis, but it has 

not been observed in operation. Males also possess two pairs 

of accessory genital glands (the posterior pair are the anal 

glands) that open in the vicinity of the gonopore (Fig. 15-1C). 

Cleavage may be superficial (intralecithal), as is typical 

of arthropods, or total (holoblastic). The type of cleavage 

depends on the amount of yolk in the egg, but there is no 

spiral cleavage. 

Some onychophorans are oviparous, but most are vivipa- 

rous (matrotrophic or lecithotrophic). Oviparity is thought 

to be the ancestral reproductive mode and viviparity to have 

derived from it. In viviparous species the developing embryos 

are retained in the uterus and the adult gives birth to juve- 

niles. The gestation period may be a year or more. The devel- 

oping embryos may be of different or the same ages. 

In matrotrophic, viviparous taxa, eggs are usually tiny, yolk- 

less, and nourished in the uterus by secretions of the uterine 

epithelium. Yolk does not interfere with cleavage, which is 

thus holoblastic rather than superficial. There may be a tissue 

connection (placenta), between the uterine epithelium and 

the embryo for transport of these secretions. Alternatively, in 

the absence of a placenta, secretions are released into the 

uterine lumen and absorbed by the embryo. 

Lecithotrophic, viviparous species also retain the embryos in 

the uterus, but they are nourished by the moderate amounts of 

yolk present in the egg. These eggs have superficial cleavage. 

Oviparous species have large, yolky eggs enclosed in a chitin- 

ous eggshell, and their cleavage is superficial. Development 

in oviparous species occurs outside the mother’s body without 

maternal care. 

DIVERSITY OF ONYCHOPHORA 
Onychophora includes two allopatric taxa of equal rank. 

PeripatopsidaeF: Relatively primitive, restricted to temperate 

southern hemisphere (Australia, Tasmania, New Zealand, 

South Africa, and Chile). 14 to 25 pairs of legs. Salivary 

gland lacks a reservoir. Coxal organs absent, crural glands 

in both sexes. Gonopores between the last pair of legs. 

Ovary has exogenous eggs (ovarian follicles project into 

hemocoel), no placenta. Cephalofovea, Euperipatoides, Meta- 

peripatus, Occiperipatoides, Ooperipatellus, Paraperipatus, Peri- 

patopsis, Peripatoides. 

PeripatidaeF: Relatively derived. Circumtropical distribu- 

tion (Malaysia, Borneo, the Congo Basin, the West Indies, 

central Mexico, Central America, and northern South 

America). Many more legs (22 to 43 pairs). Coxal organs 

present, crural glands in males only. Salivary glands with 

reservoir. Gonopore located between penultimate pair of 

legs; ovary has endogenous eggs. Some with a placenta. 

Macroperipatus, Oroperipatus, Peripatus, Typhloperipatus. 

PHYLOGENY OF ONYCHOPHORA 
Onychophora is a monophyletic taxon united by common 

possession of mandibles on the second head segment and oral 

papillae with slime glands on the third head segment; widely 

spaced ventral nerve cords connected by numerous segmental 

commissures; and tufted tracheae. Salivary glands derived from 

riephridia on the third head segment may be a panarthropod 

plesiomorphy. The onychophorans probably arose as an exclu- 

sively terrestrial line descended from Cambrian panarthropod 

ancestors. 

The onychophorans have morphological characteristics that 

argue for close relationships with both the annelids and the 

arthropods, but ties with the arthropods are stronger. Within 

the taxon there are characters that are annelid-like but unlike 

the arthropods, characters that are shared with both annelids 

and arthropods, and characters that are arthropod-like but 

unlike the annelids. 

1. Characters shared with annelids only: body-wall muscles in 

continuous, uninterrupted, unspecialized sheets; cuticle thin, 

flexible, and lacking sclerotized plates; weak tagmosis; simple 

brain lacking segmental neuromeres; and wormlike body. 
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2. Characters in common with annelids and arthropods: seg- 

mented body; paired segmental appendages; paired segmen- 

tal metanephridia or their derivatives; ladderlike nervous 

system with dorsal brain and ventral ganglionated double 

nerve cord. 

3. Characters shared with arthropods only: exoskeleton with 

ecdysis; exoskeleton with a-chitin and noncollagenous pro- 

tein; coelom reduced to gonadal and nephridial spaces; open 

hemal system with an ostiate heart; hemocoel divided by hori- 

zontal septum into pericardial and perivisceral sinuses; 

appendages (mandibles) specialized for feeding; respiration 

via tracheae; and superficial cleavage. Currently, most zoolo- 

gists believe Onychophora to be closely related to Arthro- 

poda and Tardigrada in the monophyletic taxon, Panarthro- 

poda. 

Onychophorans have often been described as intermediate 

between annelids and arthropods. If the evolutionary relation- 

ship between annelids and arthropods is discredited by molec- 

ular and other lines of evidence, then the similarities between 

the onychophorans and the annelids are due to convergence. 

Alternatively, the common ancestor of protostomes may have 

been a segmented coelomate, in which case the shared charac- 

ters are symplesiomorphies. 

Because the soft bodies of onychophorans do not fossilize 

well, and they live in habitats that do not readily create fossils, 

there are few undisputed onychophoran fossils to aid in unravel- 

ing the relationships of this taxon. Some Cambrian fossils, such 

as Aysheaia, Hallucigenia, and Onychodictyon, may represent 

marine ancestors from which the terrestrial Onychophora arose. 

PHYLOGENETIC HIERARCHY OF 

ONYCHOPHORA 

Onychophora 

Peripatopsidae 

Peripatidae 

TARDIGRADAP  

Tardigrades are tiny metazoans known as water bears or slow 

walkers (Fig. 15-4). It is difficult to describe living water bears 

without using words like “cute” or “endearing.” They resemble 

diminutive teddy bears as they clamber over sand grains or moss 

leaflets on four pairs of stubby legs. The typical body length is 

100 to 150 jam, but the grizzlies of the taxon, such as the giant 

Macrobiotus, achieve lengths of 1.5 mm. Tardigrades are com- 

mon in a variety of aquatic and semiaquatic habitats but are 

rarely noticed because of their small size and cryptic habits. 

The evolutionary relationships of the tardigrades are at 

present unknown, and they show similarities to cycloneu- 

ralians and arthropods. At present, kinship with neither can 

be demonstrated conclusively, although they seem to be clos- 

est to arthropods. The approximately 800 described species 

are found in marine, freshwater, and intermittently moist ter- 

restrial habitats. Except for one species, all belong to Hetero- 

tardigrada and Eutardigrada. A third taxon, Mesotardigrada, 

contains only one genus, Thermozodium, which was described 

FIGURE 15-4 Tardigrada. Scanning electron micrograph of the 

heterotardigrade Echiniscus arctomys in anterior view. The mouth is 

located at the end of the snoutlike anterior projection. 

and known from a single hot spring in Japan that has since 

been destroyed by an earthquake. 

Tardigrades are found in a variety of wet or moist habitats. 

Tardigrades are characteristic members of marine sandy inter- 

stitial communities. Some tardigrades are found in hot springs 

and some occur in glaciers. Many inhabit freshwater or 

marine environments, but a large number are also found in 

terrestrial mosses, lichens, leaf litter, and soils that experience 

alternating periods of desiccation and wetting. Like bdelloid 

rotifers in the same habitats, terrestrial species are active only 

when a film of water covers the substratum. When this film 

evaporates, they enter a cryptobiotic state that allows the ani- 

mal to survive the period of unfavorable conditions. Crypto- 

biosis is characterized by desiccation, reduced metabolic rate, 

and enhanced resistance to adverse environmental conditions 

such as drought and temperature extremes. The shriveled, 

dormant cryptobiotic tardigrade, known as a tun, from the 

German Tonnchen, meaning little barrel (Fig. 15-6E), may 

remain alive for long periods. Tardigrades often live for as 

long as 10 years and occasionally as long as 100 years, during 

which time periods of activity alternate with periods of crypto- 

biosis. Cryptobiosis also facilitates dispersal, as the dried tuns 

are easily transported by the wind or by other organisms. 

FORM 
The bilaterally symmetrical body is usually plump and cylindri- 

cal (Fig. 15-5). Superficially, it appears to be composed of five 

segments, including a short head of one segment and a trunk 

with four segments. Segmentation is indistinct externally, how- 

ever, and the head may actually consist of three segments and 

the trunk of four or five. Transverse folds in the cuticle are 

misleading and do not correspond to actual segments. 

Each trunk segment bears a pair of short, stubby legs. The 

tip of each leg has four to eight retractile claws or adhesive 

discs (Fig. 15-5). The legs, like those of the onychophorans, 

are lobopods. Each leg has weakly separated regions that are 

sometimes designated as coxa and femur. Short, intrinsic mus- 

cles are located inside the legs. The legs of many marine 

species are capable of telescoping. 
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FIGURE 15-5 Tardigrada. A-C Marine heterotardigrades. A, Tanarctus velatus. B, Megastygarctides 

orbiculatus. C, Batiliipes noerrevangi. D, The eutardigrade Macrobiotus hufelandi. (A and B, From McKirdy, D., 

Schmidt, P., and McGinty-Bayly, M. 1976. Interstitielle Fauna von Galapagos. XVI. Tardigrada. Mikrofauna 

Meeresbodens 58:1-43.; C, From Kristensen, R. M. 1981. Sense organs of two marine arthrotardigrades. Acta Zool. 

62:27- 41; D, Redrawn after Higgins from Nelson, D. R. 1982a. Developmental biology of the Tardigrada. In Harrison, F. W., 

and Cowden, R R (Eds.): Developmental Biology of Freshwater Invertebrates. Alan R Liss, New York.) 

BODY WALL 
The thin body wall consists of only two layers. The outermost 

cellular layer is the epidermis (Fig. 15-6B). This monolayered 

epithelium is eutelic (composed of a constant and genetically 

determined number of cells). Many of the tissues of tardi- 

grades are eutelic, a condition that may be due to their small 

size. Eutely is also a characteristic feature of some small- 

bodied gnathiferan and cycloneuralian taxa such as rotifers 

and nematodes. Tardigrades lack motile cilia, a feature held in 

common with both nematodes and arthropods. 

The epidermis secretes a cuticle, or exoskeleton, composed 

of four layers designated as, from the outside inward, the epi- 

cuticle, exocuticle, mesocuticle, and endocuticle (Fig. 15-6B). 

The cuticle is complex and composed of an as yet unde- 

termined type of chitin, tanned and untanned glycoproteins, 

mucopolysaccharides, polysaccharides, lipids, and lipoproteins. 

In armored species, such as Echiniscus and Megastygarctides, the 

dorsal cuticle is thickened, arthropod-like, to form articulated 

sclerites (Fig. 15-5B). The cuticle is often ornamented with 

spines, granules, pores, or other sculpture (Fig. 15-4). 

The exoskeleton, including the cuticular claws and stylets 

and the lining of the fore- and hindguts, is molted periodi- 

cally. During ecdysis, the body contracts and pulls away from 

the old cuticle, which is then slipped off and left behind as 

a relatively intact exuvium. The cuticle of the body and gut is 

secreted by the epidermis, but the stylets and their chitinous 

supports are secreted by the salivary glands, which are also 

ectodermal. The stylets are often calcified. New claws are 

secreted by ectodermal claw glands (Fig. 15-6A). 

The epidermis is underlaid by its basal lamina, but there 

are no muscle layers. The body cavity is a hemocoel lined only 

with the basal lamina. 

MUSCULATURE AND LOCOMOTION 
The body wall musculature consists of individual specialized 

muscles in the trunk and appendages, but, like arthropods 

and unlike onychophorans, there are no continuous sheets of 

body-wall muscle. The elongate, discrete muscles are smooth 

or cross-striated cells that originate and insert on the inner 

surface of the cuticle (Fig. 15-6A). Muscle attachment to the 

cuticle is via tonofilaments passing through the epidermal 

cells, as in arthropods and onychophorans. The muscle cells 

are surrounded by a basal lamina that lines the hemocoel. 

Contraction of the muscles achieves flexion of the body 

and appendages and is opposed by the hemocoel, which func- 

tions as a hydrostatic skeleton. Tardigrades move about slowly 

by crawling with their legs, using their claws or discs to grasp 

the substratum. The first three pairs of legs are used in 

forward locomotion, and the last pair function in retreat or 

grasping the substratum (Fig. 15-7). The claws of the last pair 

are reversed to face forward, in contrast with those of the first 

three pairs. 
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Body Cavity 
Although the gonad appears to be derived from a coelomic 

space, the chief body cavity is an expanded connective-tissue 

compartment, or hemocoel. It is filled with colorless blood 

containing hemocytes. Much of the hemocoel is occupied 

by these nutrient storage and phagocytic cells, which may be 

attached or float freely. There is no heart, and movements of 

the body and appendages circulate the blood through the 

hemocoel. Tissues (muscles, epidermis, and neurons, but not 

hemocytes) in or adjoining the hemocoel are separated from 
it by their basal laminae. 

Nutrition 
Most tardigrades feed on the cytoplasmic contents of plant 

cells. Soil tardigrades feed on algae and probably detritus, and 

some are predators of nematodes and other minute soil ani- 

mals, including other tardigrades. 

The gut consists of an ectodermal foregut and hindgut con- 

nected by an intervening endodermal midgut. The foregut 

and hindgut are lined with cuticle, which is molted, but the 

midgut is not. The complicated foregut consists of a heavily 

cuticularized buccal tube, a pharynx with thick muscular walls, 

and an esophagus (Fig. 15-6A,C). 

The foregut is equipped with a pair of cuticular stylets used 

to puncture the cells of plant or animal prey. The sharp tips 

of the needlelike stylets protrude into the buccal tube and are 

extended and withdrawn by a set of protractor and retrac- 

tor muscles (Fig. 15-6A,C). The stylets are housed in stylet 

sheaths and braced by transverse stylet supports, which are also 

cuticular and extend from the stylet to the buccal tube. The 

stylet apparatus probably is homologous to a pair of head 

appendages and is unique to the tardigrades, although there 

are similar structures in some herbivorous nematodes and 

rotifers. Onychophoran mandibles are also modified head 

appendages. 
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FIGURE 15-7 Tardigrada. A, Tardigrades climbing on an algal filament. B, Locomotion over a surface 
(microscope slide) by a marine interstitial tardigrade (Batillipes). (A, From Marcus, E. 1929. Tardigrada. In Broun, 

H. G. (Ed.): Klassen una Ordnungen des Tierreichs. Bd. 5, Abt. TV. Akademische Verlagsgesellschaft, Frankfurt, pp. 1-608.) 

I 

The mouth is an anterior terminal (Fig. 15-6A) or ventral 

subterminal opening. A unique telescopic mouth cone 

equipped with the stylets can be extended from the body 

surface. Numerous sensory structures are associated with 

the mouth. A pair of salivary glands closely associated with 

the stylets opens into the buccal tube (Fig. 15-6C). The sali- 

vary glands secrete new stylets just prior to ecdysis and also 

secrete saliva during feeding. 

The pharynx is a muscular pump that sucks liquid food 

into the gut. Its lumen is Y-shaped, or triradiate, in cross sec- 

tion, as is that of gastrotrichs and nematodes (Fig. 15-6D). Its 

walls are composed of radiating cross-striated epitheliomus- 

cular cells. It is surrounded by a basal lamina and its lumen 

is lined by cuticle. The triradiate pattern is the most efficient 

configuration for radial muscles surrounding a distensible 

lumen, and it has perhaps arisen independently in many ani- 

mal taxa with sucking pharynges (including gastrotrichs, lori- 

ciferans, bryozoans, nematodes, and tardigrades). 

When feeding, the mouth is placed against the prey and the 

stylets protruded to puncture the cell or body wall. The con- 

tents of the prey are then sucked out by the pharynx. Food 

passes from the pharynx through the short esophagus to the 

midgut (Fig. 15-6A). 

The endodermal midgut, or intestine, has a monolayered, 

microvillous epithelium (Fig. 15-6A). It is secretory and absorp- 

tive and is the site of hydrolysis and absorption. The food in the 

midgut may be enclosed in a peritrophic membrane secreted 

by the midgut epithelium. The intestine leads into the short, 

cuticle-lined rectum (hindgut), which opens to the outside 

through the terminal anus on the ventral midline between or a 

little anterior to the last pair of legs (Fig. 15-5C). Since the rec- 

tum receives nitrogenous wastes from the Malpighian glands 

and in females the oviducts open here, it may be referred to as 

a cloaca. The hindgut epithelium is equipped for transport and 

probably plays a role in modifying the rectal contents, including 

digestive and excretory wastes. 
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GAS EXCHANGE AND EXCRETION 
The favorable surface-area-to-volume ratio associated with 

organisms as small as tardigrades obviates the need for special 

gas exchange structures, and so there are none. Gas exchange 

occurs across the unspecialized body surface. 

Discrete excretory organs are absent in many tardigrades 

(heterotardigrades), but others (eutardigrades) have three 

large Malpighian glands at the midgut-hindgut junction (Fig. 

15-6A). These include two lateral and one dorsal gut divertic- 

ula. Thought to function in nitrogen excretion, the ultrastruc- 

ture of these glands is similar to that of insect Malpighian 

tubules. They are adaptations for a terrestrial existence not pre- 

sent in the primitive marine heterotardigrades and probably 

arose independently of those in the insects and chelicerates. 

There are no recognizable saccate nephridia in the tardigrades. 

Ventral organs at the bases of the second and third pairs 

of legs of some terrestrial heterotardigrades may be excretory 

organs and the general epidermis may play an excretory role, 

as well. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The central nervous system is ladderlike and similar to that 

of the annelids, arthropods, and onychophorans (Fig. 15-6A). 

A ring of ganglia and nerve tracts surrounds the buccal tube 

and includes the supraesophageal ganglia and a pair of gan- 

glia lateral to the stylets. A pair of large connectives joins the 

ganglionic ring to the ganglia of the first legs. The supra- 

esophageal ganglia include two pairs of posteriorly oriented 

lobes. On each side, the large dorsolateral lobe of the brain 

has an unusual connective with the first ventral segmental gan- 

glion. The entire tardigrade brain may be homologous to the 

protocerebrum of the arthropod brain. Alternatively, the com- 

bination of the supraesophageal ganglion and its lobes has 

been interpreted by some authors as a syncerebrum with 

proto-, deuto-, and tritocerebrums. 

The trunk is innervated by a double ventral nerve cord with 

four or five pairs of segmental ganglia. There is one pair of 

ganglia for each trunk segment and perhaps an additional 

pair for a legless genital segment. The two ganglia of each pair 

are joined by a transverse commissure. The unambiguous seg- 

mentation of the nervous system supports the hypothesis that 

tardigrades are composed of a head and four or five segments. 

Eutardigrades and some heterotardigrades have a pair of 
small, simple ocelli. Each ocellus consists of a cup-shaped pig- 

ment cell that encloses two photoreceptor cells. The pigment 

is red 01 black and the concavity of the cup faces the body sur- 

face and the light. This structure is unique. 

A wide variety of cuticular sensory structures, or sensilla, 

are found in some tardigrades. They are presumably chemo- 

and mechanoi eceptive. The head may have a variety of sen- 

sory cephalic cirri, clavae, and papillae (Fig. 15-5C). Bristlelike 

st nsilla are found on each segment of some tardigrades. 

REPRODUCTION AND DEVELOPMENT 
Almost all tardigrades are gonochoric, but there are a few her- 

maphroditic species. Many are parthenogenetic and males are 

unknown in some genera (such as Echiniscus). 

The gonad, either testis or ovary (Fig. 15-6A), is a single, 

unpaired elongate sac situated above the gut and attached 

by ligaments to the dorsal body wall. It probably is a coelomic 

derivative. In the male, two sperm ducts exit the testis and 

open via a single median gonopore immediately anterior to 

the anus (Fig. 15-5C). The male reproductive system is inde- 

pendent of the gut. Sperm are flagellated with a typical 9 + 2 

arrangement of microtubules. 

In females the single oviduct opens on the surface near the 

anus (in heterotardigrades) or joins the rectum (in eutardi- 

grades), which thus functions as a cloaca (Fig. 15-6A). One (in 

a few eutardigrades) or two (in many heterotardigrades) semi- 

nal receptacles may be present. 

Mating and oviposition occur in conjunction with molting 

by the female (Fig. 15-8). In aquatic species, males may deposit 

sperm in the recently shed female exuvium, which contains 

eggs (Fig. 15-8B). In most terrestrial species, however, copu- 

lation occurs and the male intromits sperm into the female 

reproductive tract before her ecdysis is complete (Fig. 15-8A). 

Fertilization in this case is internal, in the ovary. 

One to 30 eggs are laid at a time, depending on the species. 

The eggs may be deposited in the old exuvium or attached to 

some substratum. Like rotifers and some gastrotrichs, some 

aquatic tardigrades produce thin-shelled eggs when environ- 

mental conditions are favorable and thick-shelled, resistant 

eggs when conditions are adverse. The eggs of terrestrial 

species typically possess a thick, sculptured shell that resists the 

frequent periods of desiccation to which mosses are subjected 

(Fig. 15-8C). 

Cleavage is holoblastic and equal but neither spiral nor 

radial. Development is direct, juveniles resemble adults, and 

there is no real larval stage. The blastocoel is indistinct or 

absent and the hemocoel develops as a new cavity in the 

connective-tissue compartment. The gonad develops from a 

coelomic space. Early instars differ only slightly from older 

instars. First instar tardigrades have a mouth, but no other 

openings. Second instars have a mouth and anus. Third instar 

animals have a mouth, anus, and gonopore. Development is 

completed within 14 days or less and the little bears hatch by 

breaking the eggshell with their stylets. Tardigrades are eutelic 

and further growth is achieved by increasing the size of cells 

rather than by adding new cells. Mitosis has been reported in 

adults, so tardigrades may not be strictly eutelic. This mitotic 

activity may be for the occasional replacement of dead cells. 

As many as 12 molts may take place over the lifetime of a tardi- 

grade, which has been estimated to be 3 to 30 months. Fre- 

quent periods of cryptobiosis may lengthen the life span to 

decades or more. 

DIVERSITY OF TARDIGRADA 
Heterotardigradac: Armored tardigrades (Fig. 15-5A-C); 

consisting of primitive marine arthrotardigrades and the 

more derived terrestrial and freshwater echiniscoids. Dor- 

sal cuticle sclerotized, divided into sclerites. Conspicuous 

sensilla on the head. Lobopods terminate in claws or adhe- 

sive discs. Gonopore independent of gut. Malpighian 

glands absent. Batillipes, Echiniscus, Stygarctus, Tanarctus. 

Mesotardigradac: Thermozodium the only genus. Malpighian 

glands present. Legs with 6 to 10 simple claws. 
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FIGURE 15-8 Tardigrada. A, Copulation in the eutardigrade Hypsibius nodosus. B, Female Hypsibius 

ovipositing in her own exuvium. C, Scanning electron micrograph of an attached, dormant egg of Macrobiotus 

tonollii. (A and B, Redrawn from Marcus, E. 1929. Tardigrada. In Bronn, IT. G. (Ed.): Klassen und Ordnungen Tierreichs. 

Bd. 5, Abt. TV. Akademische Verlagsgesellschaft, Frankfurt, pp. 1-608.) 

Eutardigradac: Naked tardigrades. Freshwater and terres- 

trial. Sclerites absent, dorsal cuticle is thin and unsclero- 

tized. Head lacks conspicuous sensilla, legs terminate in 

claws (Fig. 15-5D, 15-6A). Cloaca formed by junction of 

intestine and oviduct. Malpighian glands present. Hypsibius, 

Macrobiotus, Milnesium. 

PHYLOGENY OF TARDIGRADA 
There is consensus that Tardigrada is a monophyletic taxon, 

but its relationship to other taxa remains a topic of contention. 

Tardigrades share morphological characteristics with arthro- 

pods, onychophorans, and some of the former “aschelminth” 

taxa. Their strongest morphological ties, however, are with 

arthropods. Molecular evidence, especially the comparison 

of 18S ribosomal RNA base sequences, indicates a close rela- 

tionship with arthropods, but also supports a cycloneuralian 

relationship. 

The tardigrade fossil record is almost nonexistent, consist- 

ing of two specimens from Cretaceous amber, one of which is 

a poorly preserved juvenile. That these specimens resemble 

modern forms demonstrates that tardigrades have changed lit- 

tle in the last 60 million years. The fossils provide no insight 

into the evolution of the tardigrades. Some Cambrian fos- 

sils, such as Aysheaia from the Burgess Shale, have intriguing 

similarities to tardigrades and also to onychophorans and 

annelids. These three taxa all have soft unjointed appendages 

with terminal claws, a terminal mouth, and a posterior body 

that merges with the last pair of legs. Tardigrades and ony- 

chophorans may be related to a stem lineage of arthropods, 

such as the anomalocarids, by virtue of the shared biradial 

symmetry of their mouthparts. 

PHYLOGENETIC HIERARCHY OF TARDIGRADA 

Tardigrada 

Heterotardigrada 

Mesotardigrada 

Eutardigrada 
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S.,. 
amiliar and common arthropods include spiders, scorpi- 

ons, insects, millipedes, crabs, and shrimps in a vast assem- 

blage of segmented animals with exoskeletons and jointed 

appendages. In fact, most animals are arthropods and 

although about a million species are known, this is undoubt- 

edly only a small percentage of the total number of living 

forms, the others as yet undiscovered. Some entomologists 

believe there are over 30 million species of insects (hexapods) 

waiting to be found. The number of known species is limited 

by a shortage of zoologists with the interest, training, and sup- 

port required to discover and describe them. There are far 

more arthropods than all other metazoan species combined, 

and they account for about 80% of all known animals. Their 

tremendous adaptive diversity has enabled them to survive in 

virtually every environment, and they are important, and often 

dominant, in marine, terrestrial, freshwater, and aerial habi- 

tats. Arthropods are one of only three extant animal taxa with 

powered flight (birds, bats, and insects) and one of only two 

taxa, arthropods and amniotic vertebrates (reptiles, birds, and 

mammals) with the adaptations necessary for life in dry envi- 

ronments. They are easily the most successful colonizers of 

terrestrial habitats. 

Arthropods are protostome bilaterians and until recently 

were believed to be closely related to the annelids, with which 

they share many morphological similarities. New evidence 

from molecular biology, however, suggests a more distant rela- 

tionship between these two taxa and, in fact, places the arthro- 

pods close to the nematodes and cycloneuralians. 

Arthropoda consists of two major extant taxa Chelicerata 

(horseshoe crabs, sea spiders, and arachnids), and Mandibulata. 

A third, Trilobitomorpha, is extinct. Mandibulata contains the 

sister taxa Crustacea (crabs, barnacles, water fleas, and others) 

and Tracheata (insects, centipedes, millipedes, and others). 

These taxa share several important characteristics, including 

a segmented body, a chitinous exoskeleton with ecdysis (molt- 

ing) Jointed and paired segmental appendages, and the absence 
of locomotory cilia. That these characteristics are shared by all 

arthropods is evidence of a common ancestor. The evolutionary 

acquisition of these traits is referred to as arthropodization. 

Arthropoda, Tardigrada, and Onychophora are generally 

thought to be closely related and to make up the taxon 

Panarthropoda (Fig. 16-15). Panarthropods are segmented 

piotostomes with a cuticle composed of a-chitin and protein 
that grow by adding new segments at the posterior end of 

the body. Onychophora and Tardigrada were discussed in 

Chapter 15. 

FORM   

SEGMENTATION 
Arthropods, like annelids, are segmented (metameric) animals 
(Fig. 16-1 A, 16-2) composed of a linear series of similar modules, 

or segments (somites). Segmentation is evident in the embry- 

onic development of arthropods and is a conspicuous feature of 

most adults. It is especially evident in primitive taxa, but may be 

obscured in derived arthropods through the loss or fusion of 

segments. There is a tendency in some arthropods to reduce or 

eliminate the outward signs of segmentation. This is pro- 

nounced in some arachnid taxa and reaches its zenith in the 

mites, which may show no external indications of segmentation. 

In most arthropods, segmentation manifests itself both 

externally and internally. Typically, the exoskeleton is divided 

into hardened segmental rings that are clearly visible exter- 

nally. Successive rings are separated by flexible areas and the 

pairs of appendages are attached in obvious correspondence 

with the segments. Internally, the nervous, muscular, hemal, 

and excretory systems have segmentally repeated components. 

In derived arthropods there is a tendency for adjacent skeletal 

rings to fuse together so that individual segments may not be 

visible externally. Similarly, there is a tendency for internal 

structures to lose their segmental character. 

Within a single individual, structures arising from the equiva- 

lent embryonic primordia of different segments and sharing a 

similar pattern of morphogenesis are said to be serial homologs. 

For example, the antennae and legs of a grasshopper are serial 

homologs. In the ancestral arthropod, all segments and their 

appendages were similar or identical in structure, function, and 

position, a condition known as homonomy (Fig. 19-9). Natural 

selection has resulted in modifications of this initial uniformity 

and almost all modem arthropods are heteronomous, with seg- 

ments and appendages specialized for many different functions 

(Fig. 19-19). 

The anterior and posterior ends of the arthropod body, the 

acron and telson, respectively, are not serially homologous to 

the segments that lie between them. The first tme segment bears 

the mouth and is immediately posterior to the acron, which is 

therefore preoral. Similarly, the telson is postanal. As in 

annelids, growth results from newT segments arising from mitoti- 

cally active teloblast regions immediately anterior to the telson. 

Segments anterior to the telson are progressively older, and the 

youngest segment of all is adjacent to the telson. The acron and 

telson are present in the larva and do not arise from the 

teloblasts, as tme segments do. Many zoologists believe them to 

be homologous to the annelid prostomium and pygidium, 

respectively. 

TAGMOSIS 
Evolution of the arthropod body is characterized by tendencies 

to tagmosis, heteronomy, cephalization, and fusion of segments. 

Tagmosis (or tagmatization) is the tendency to organize 

segments into regions having similar structure, function, and 

appendages. Each group of similar segments is a tagma (pi., 

tagmata). The earliest and simplest tagmosis was the division 

of the body into an anterior head and a posterior tmnk (Fig. 

16-1 A). This early arthropod condition has been modified in 

almost all modern taxa, and in most of them, the tmnk is 

divided into a thorax and abdomen, for a total of three tagmata 

(Fig. 16-2). In many arthropods, some or all of the thoracic 

segments unite with the head to form a secondary tagma known 

as the cephalothorax. All hexapods (insects) have a body 

divided into head, thorax, and abdomen, whereas chelicerates 

have a cephalothorax and abdomen and crustaceans have vari- 

ous arrangements of head, thorax, and abdomen. These three 

taxa undement tagmosis independendy and their tagmata are 

not homologous, even though they bear the same names. 
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FIGURE 16-2 The basic arthropod tagmata are the head, thorax, 

and abdomen. The head, as shown here, consists of several fused and 

externally unrecognizable segments. The thorax here is composed of 

three appendage-bearing segments, and the abdomen includes eight 

appendageless segments plus the telson. (Redrawn from Snodgrass, R. E. 

1935. Principles of Insect Morphology. McGraw-Hill, Nenv York. 667 pp.) 

CEPHALIZATION 
In the early homonomous arthropods the head was scarcely 

distinguishable from the remainder of the body, and its 

appendages (other than the antennae) were similar to those of 

the body segments. Cephalization, or the development of an 

anterior tagma (head, cephalon, or cephalothorax) responsible 

for sensory reception, neural integration, and feeding, is a 

strong tendency in arthropod evolution. The head of the ances- 

tral arthropods consisted of the acron and several limb-bearing 

segments, and the trilobite, chelicerate, and mandibulate heads 

conform to this pattern (Fig. 16-3). The head or its equivalent 

(cephalothorax) contains the brain and anterior gut and bears 
sensory and feeding appendages. The eyes are on the acron. 

The anterior appendages and sense organs of the head are 

served by a concentration of segmental ganglia known as the 

brain (Fig. 16-10). Because the brain is a neural center responsi- 

ble for integrating sensory input and motor output, sensory 

I eceptors are concentrated on the head to minimize transmis- 

sion time for sensory input. The mouth and feeding appendages 

are also located on the head. Each higher taxon of modern 

arthropods has a characteristic set of head appendages derived 
from those of the ancestor as indicated in Figure 16-3. The che- 

liceiate cephalothorax includes the acron and six segments that 

be ai the chelicerae, pedipalps, and four pairs of walking legs. 

The crustacean head comprises five segments with two pairs 

of antennae, a pair of mandibles, and two pairs of maxillae. The 

tracheate head consists of four segments that bear the antennae, 

Chelicerata Crustacea Tracheata 

FIGURE 16-3 Evolution of the arthropod head. A = antenna, 

a = acron, C = chelicera, Ci = chilarium, L = leg, Mnd = mandible, 

Mx = maxilia, P = pedipalp, and 0 = lost segment. Unshaded segments 

are those contributing to the head; shaded segments are trunk 

segments. Solid open circles represent saccate nephridia. Dotted open 

circles represent embryonic nephridia lost in the adult. Hatched circles 

are compound eyes. (Redrawn from Ax, P. 2000. Multicellular Animals: 

The Phylogenetic System of the Metazoa. Vol. II. Springer, Berlin. 396 pp.) 

mandibles, maxilla, and labium. The shared mandibles unite 

Crustacea and Tracheata in the Mandibulata. 

SEGMENTAL APPENDAGES 
Paired, jointed, segmental appendages are an arthropod 

autapomorphy. In the primitive condition, each segment bears 

a pair of appendages (Fig. 16-1B, 19-9). A similar segmental 

arrangement is seen in the polychaete annelids, in which the 

segments bear serially homologous, paired parapodia. 

Unlike parapodia, an arthropod appendage is composed of 

a linear series of articles (Fig. 16-ID, 19-3B). Each article is a 

cylinder of hardened exoskeleton that joins, or articulates, with 
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the body or with another article. Successive articles are con- 

nected by flexible cuticle that permits movement of the articles 

with respect to each other (Fig. 16-1C,D). Flexor and extensor 

muscles inside the cylinders that extend across the flexible 

articulations contract to produce movement (Fig. 16-1B). 

Although the ancestral arthropod is thought to have been 

homonomous, most living arthropods are heteronomous and 

have a variety of specialized appendages (Fig. 19-2B). Specializa- 

tion is often regional and associated with tagmosis. Head 

appendages, for example, typically are specialized for sensory 

reception or feeding. Thoracic and abdominal appendages may 

be adapted for locomotion, reproduction, respiration, food 

manipulation, and other functions. Appendages may be lost 

from some regions or tagmata, and the abdomen in particular 

tends to have reduced, absent, Or highly modified appendages. 

One key to the overwhelming success of the arthropods prob- 

ably is their ability to modify the basic jointed appendage into an 

almost endless array of specialized structures. A single individual 

may have a dozen or more different types of appendages, and 

the taxon as a whole has an enormous variety. Arthropods are 

like Swiss Army knives, each model equipped with a unique set 

of specialized tools. A major aspect of arthropod evolution is the 

functional specialization of their appendages. 

The appendages of many arthropods (such as hexapods, 

myriapods, and arachnids) have a single branch, or ramus, and 

are said to be uniramous (Fig. 16-1B, 21-1E). Those of many 

others (such as crustaceans and trilobites) have two major 

branches and are said to be biramous (Fig. 19-3B). The ances- 

tral arthropod probably had biramous, or perhaps multira- 

mous, appendages. A biramous appendage typically begins with 

a proximal protopod, which often is divided into two articles, a 

coxa and a basis (Fig. 19-3B). Forking from the basis are the 

two rami consisting of a lateral exopod and a medial endopod. 

There may be other branches in addition to the endopod and 

exopod. The uniramous appendages of the modern chelicer- 

ates and tracheates probably arose from this ancestral pattern 

through loss of the exopod. 

Arthropod trunk appendages typically are divided into about 

seven articles, which are given different names in the major 

taxa. Articles may be lost from some appendages or they may be 

divided into two or more units in others. The insect tarsus, for 

example, is often divided. In some cases an article may be 

divided into numerous short articles to produce a long, flexible, 

antenniform appendage. The antennae themselves are such 

appendages, but other anterior or posterior limbs can also be 

antenniform and serve a sensory role. 

The appendages are levers that provide mechanical advan- 

tage. In arthropods, appendages with rigid articles are oper- 

ated by cross-striated muscles capable of contracting much 

more quickly than the obliquely striated muscles of annelids. 

BODY WALL  
The outermost layer of the body wall is the nonliving, secreted 

cuticle (exoskeleton) composed of a-chitin and protein. Colla- 

gen, abundant in the cuticle of annelids, is absent from that ol 

arthropods. The living components of the arthropod body wall 

are reduced and simple. Strength and protection are provided 

by the exoskeleton, and consequently there is little connective 

tissue other than the blood. Further, the continuous sheets of 

unspecialized circular and longitudinal muscles characteristic of 

annelids have been replaced by specialized muscles that connect 

adjacent regions of the exoskeleton or extend into appendages. 

The cuticle is secreted by the ectodermal epidermis lying 

immediately below it. The epidermis is a monolayered epithe- 

lium that secretes and is underlaid by the basal lamina, or 

a more elaborate basement membrane, of protein fibers and 

ground substance (Fig. 16-4) that surrounds and contains 

the musculature, hemocoel, and viscera. The body cavity of 

arthropods is a large space in the connective-tissue compart- 

ment derived from the blastocoel of the embryo. It is a hemo- 

coel, not a coelom, filled with blood (hemolymph). It is lined 

not by a mesothelium, but rather by the basal laminae of the 

gut and epidermis. 

CILIA AND FLAGELLA 
Because the exoskeleton precludes the use of locomotory cilia 

on the body surface, such cilia are absent. Flagella are present 

in the sperm of some taxa and modified cilia are a central 

feature of most sense organs. 

EXOSKELETON 
The exoskeleton, or cuticle, is a defining feature of arthro- 

pods and its presence has had far-reaching effects on the 

anatomy, physiology, ecology, and behavior of these animals. 

The evolution of an exoskeleton compatible with mobility and 

growth is probably one of the keys to arthropod success. It 

consists of protein and polymers of a-chitin covalently bonded 

together. Chitin is a polysaccharide consisting of repeating 

N-acetylglucosamine monomers. Glucosamine is a glucose 

molecule with an amine group. 

The cuticle protects surfaces from abrasion and from attack 

by pathogens. It is responsible for structural support and for 

maintaining the shape of the body. It can be a rigid skeleton 

that mediates the interactions of antagonistic muscles, but it 

can also be soft, flexible, and hingelike. The arthropod exo- 

skeleton must be molted (shed) for the animal to increase in 

size or add segments and appendages. 

Because cuticle is secreted wherever there is epidermis, it 

covers the entire outer surface of the body, as well as many 

surfaces that extend deep into the body. Internal structures 

derived from invaginations of the embryonic ectoderm are 

usually lined by epidermis and cuticle. Foregut, hindgut, book 

lungs, and tracheae, for example, extend deep into the body 

but are derived from ectoderm and lined with exoskeleton, 

which must be molted. 

The cuticle can be thin and flexible or thick and rigid, and 

both types may occur in an individual. The cuticle is naturally 

soft and flexible unless it has been hardened. Hardening can 

be accomplished by sclerotization (scler- = hard) or minerali- 
zation. Sclerotization is accomplished by a chemical reaction 

known as tanning, which hardens, strengthens, and darkens 

the cuticle by forming covalent cross-links between protein 

molecules. Cuticle can also be hardened by the incorporation 

of calcium salts, a process known as mineralization. Sclerotiza- 

tion occurs in all arthropods and is the only hardening process 
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in the chelicerates and hexapods. In the crustaceans and 

diplopods (millipedes), sclerotization may be supplemented by 

mineralization. 

Divisions 
Movement is made possible by dividing the hardened cuticle into 

separate plates known as sclerites. Adjoining sclerites and articles 

are connected by sections of soft, flexible cuticle known as articu- 
lar membranes (Fig. 16-1C,D). Muscles originate on the inner 

surface of one sclerite, cross an intervening articular membrane, 

and insert on another sclerite. Contraction of the muscle results 

in movement of one or both of the sclerites relative to the other. 

The cuticle of a typical body segment is divided into four 

major regions, which may or may not be sclerotized. Articular 

membranes connect the sclerites to form a complete ring 

around the segment. The four sclerites of each ring are a dorsal 

tergite, two lateral pleurites, and a ventral sternite (Fig. 16-1B). 

Primitively, each body segment has one of these four-part rings, 
but this pattern is frequently modified by secondary fusion, 

subdivision, or loss of sclerites. The appendages typically articu- 

late with the lateral pleurites. 

In most arthropods the articular membrane between seg- 

ments is folded beneath the anterior segment to permit 

expansion when the joint is extended (Fig. 16-1C). Sclerites of 

adjacent segments may fuse together to form a continuous sheet 
of rigid, sclerotized exoskeleton. The insect head, for example, 
is covered by the fused sclerites of the several head segments to 

form an unbroken, seamless head capsule, or cranium. 

The exoskeleton of the appendages is divided into cylindrical 

articles connected to one another by articular membranes, 

which create a movable junction (Fig. 16-1B,D). Such a union 

of skeletal elements is referred to as an articulation (or joint) 

and the two elements are said to be articulated (hence the name 

“Arthropoda”, meaning jointed feet”). Articulations with flexi- 

ble articulating membranes permit the articles of the appen- 

dages or the segments of the body to move, but articulations can 

also be rigid. Note that to avoid confusion, the individual units 

of the body are referred to as segments (or somites), whereas 

those of the appendages are articles, or podomeres. Segments 

and articles are quite different and are not homologous. 

Articulations usually have specific shapes designed to facili- 
tate a particular type of movement and prevent others. For 

example, a monocondylic joint has one point of articulation 

(condyle) between its two articles, forming a ball-and-socket 

joint that permits a wide range of motion similar to that in 

a human hip or shoulder joint. A dicondylic joint has two 

points of articulation, restricting motion to a single plane (Fig. 

16-ID). Dicondylic articulations are hinge joints functionally 

similar to those of the human elbow or knee. 

Although the arthropod skeleton is referred to as an 

exoskeleton, parts of it form an extensive endoskeleton. Some- 

times this is due to invagination of the exoskeleton to form an 

inner projection, or apodeme (Fig. 16-1E), continuous with the 

exoskeleton. Other endoskeletal elements are formed by the 

sclerotization of connective tissue to form free internal plates 

that have no connection with the exoskeleton. Both types of 

endoskeleton provide sites for muscle attachment and transmit 

forces resulting from muscle contraction. 

Composition 
The basic composition of the exoskeleton is similar in all arthro- 

pods, but there are differences in detail from taxon to taxon. 

The exoskeleton is secreted by the underlying epidermis in 

several layers of different chemical composition and function. Its 

two basic layers are the thin, outer epicuticle and the much 

thicker inner procuticle (Fig. 16-4). 
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The epicuticle is a thin, complex, water-resistant or water- 

proof layer of protein, lipoprotein, lipid, and sometimes 

wax, but no chitin. In terrestrial insects and arachnids, the 

epicuticle includes an outer layer of wax that renders it 

impermeable to water and gases. The wax, secreted by gland 

cells in or near the epidermis and delivered to the surface 

by ducts, protects the organism from water loss in a dry 

environment. In freshwater species it prevents or restricts 

the osmotic influx of water into the organism. In areas such 

as the tracheae and gill surfaces, where permeability to gases 

and ammonia is essential, the epicuticle is thin and the wax 

layer is absent. The waterproof integument is one of the 

adaptations responsible for the enormous success of the 

hexapods and chelicerates in terrestrial environments. 

The procuticle is composed of protein and chitin bound 

together to form a complex glycoprotein. It is much thicker 

than the epicuticle and is responsible for most of the thickness 

and strength of the exoskeleton. It is composed of the outer 

exocuticle and the inner endocuticle. The proteins of the 

exocuticle may be hardened by sclerotization in places, such 

as the sclerites, where strength and rigidity are required. In 

the articular membranes, where flexibility is desired, the 

exocuticle is not sclerotized. There is much less protein and 

more chitin in the endocuticle. In crustaceans the endocuticle 

is often mineralized with calcium carbonate. 

The body color of arthropods may result from pigments in 

the cuticle or the subepidermal connective tissue. Cuticular 

pigments are deposited in the cuticle as it is secreted, and once 

present their appearance cannot be altered. Subepidermal 

pigments are contained in cells known as chromatophores that 

are under neurohormonal control (Fig. 19-44). The appear- 

ance of the animal can be altered by expanding or contracting 

the chromatophores. Further, the color of underlying tissues, 

and even hemoglobin in the blood, may be visible externally if 

the cuticle is thin and transparent. Finally, the color of the 

integument is not always due to pigments. Very fine parallel 

scratches in the epicuticle that refract light of specific wave- 

lengths produce an iridescent color when illuminated by white 

light, even though no pigments are present. 

Setae (sing., seta) are among the most important and varied 

of the cuticular structures. A seta is an articulated chitinous 

projection of the exoskeleton (Fig. 13-5B, 16-4, 19-3B) secreted 

by a trichogen cell in the epidermis. Setae are hairlike, usually 

flexible, solid or hollow bristles. Their morphological and 

functional variety is almost limitless. The external sensory recep- 

tors of arthropods usually involve modified setae (Fig. 18-8C). 

Branched, plumose (featherlike) setae are used to increase the 

surface area of swimming appendages and as filters to extract 

food particles from water (Fig. 19-5). Dense, feltlike coverings 

of very fine setae are used by aquatic insects to trap and hold air 

while the insect is submerged. Heavy, inflexible setae are spines. 

Arthropod setae differ ultrastructurally and chemically from the 

(3-chitin chaetae of annelids (Fig. 13-5A). Sharp, nonarticulated, 

immovable projections of the cuticle are not setae and may be 

referred to as teeth. 

Several types of secretory glands or cells are associated with 

the cuticle. These are located in the epidermis or may be insunk 

below the basal lamina into the connective-tissue compartment. 

They connect with the surface via long ducts that traverse the 

exoskeleton. Tegumentary glands may be unicellular or multi- 

cellular. They are thought to secrete an enzyme that promotes 

tanning and are abundant in sclerotized areas of the cuticle. 

Some tegumentary glands may have other as yet unknown 

functions. Trichogen cells secrete setae, whereas tormogen cells 

create the flexible sockets for the setae (Fig. 13-5B). 

Molting 
Because of its composition, the arthropod exoskeleton is 

incapable of stretching to accommodate growth in the animal. 

Once secreted and hardened it cannot be enlarged. To increase 

in size, an arthropod must rid itself of its old exoskeleton and 

replace it with a larger one. This process is referred to as molt- 

ing, or ecdysis, and it is a central feature of arthropod life. Until 

an animal experiences its final molt, ecdysis is a nearly continu- 

ous process, and the animal may spend 90% of its life preparing 

for a molt, molting, or concluding the preceding molt. Several 

other animal taxa, notably Nematoda, Nematomorpha, Kino- 

rhyncha, Loricifera, and Priapulida, also have a cuticle that is 

molted under hormonal control. 

Molting has probably been investigated in more detail in 

decapod crustaceans than in any other arthropods. The crus- 

tacean molt cycle has four basic stages designated by letters: 

intermolt (C), proecdysis (D), ecdysis (E), and postecdysis (A 

and B). 

Intermolt (stage C) is largely free of activities directly 

involved with molting (Fig. 16-5A) and may be long or short, 

depending on the species. During intermolt the animal 

engages in its normal day-to-day activities, including feeding, 

accumulation of food reserves, and reproduction if it is sexu- 

ally mature. This is the period in which tissue growth occurs. 

Proecdysis (premolt, stages Dj-D^ is a preparatory phase 

in which the most extensive changes occur. The animal enters 

proecdysis from the intermolt condition and exits it with the 

old cuticle detached but still covering the animal and the new 

cuticle partially formed. During proecdysis the animal does not 

feed and subsists on food reserves. Blood calcium levels rise, 

due largely to the reclamation of calcium from the old exo- 

skeleton. To initiate proecdysis the epidermis secretes a new 

epicuticle and releases molting fluid between the new 

epicuticle and the old cuticle (Fig. 16-5B). Molting fluid is a 

mixture of chitinases and proteases. The fluid separates the old 

cuticle from the incomplete new cuticle by hydrolyzing the old 

cuticle (Fig. 16-5C,D). The products of hydrolysis are resorbed 

by the epidermis through the new epicuticle, but the new 

epicuticle protects the epidermis from the enzymes. A new 

exocuticle is secreted (Fig. 16-5C) while the old endocuticle is 

being hydrolyzed throughout this stage (Fig. 16-5D). At this 

time the animal is encased within old and new exoskeletons, 

both consisting primarily of epicuticle and exocuticle (Fig. 

16-5D), since the new endocuticle has not yet been secreted 

and the old endocuticle has been hydrolyzed. 

Ecdysis (molt, stage E) is the actual shedding of the old 

exoskeleton. It is usually brief, although difficult and hazardous, 

and often occurs in a protected retreat or burrow. In certain 

well-defined areas of the old exoskeleton, the exocuticle is very 

thin and, once the endocuticle has been removed by hydrolysis, 

only the thin epicuticle remains. These weak areas are ecdysial 

lines (Fig. 16-5D) and their location is constant for each species. 

The uptake of water (in aquatic species) or air (in terres- 

trial species) raises the blood pressure in the hemocoel and 

causes the animal to swell, stretching the pliant new cuticle 
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FIGURE 16-5 Molting in an arthropod. A, The fully formed 
exoskeleton and underlying epidermis during an intermolt. B, 
Separation of the epidermis and secretion of molting fluid and 
the new epicuticle in early proecdysis. C, Digestion of the old 
endocuticle and secretion of the new procuticle. D, The animal 
in late proecdysis, encased within both new and old skeletons. 
Eariy postecdysis resembles D without the old cuticle. 

and splitting the old cuticle along the ecdysial lines. The 

animal struggles out of the old cuticle and frequently ingests it 

to reclaim the remaining calcium salts and organic com- 

pounds. The new cuticle is soft, wrinkled, and incomplete, 

and before it hardens it may require additional stretching to 

accommodate future tissue growth. 

Early in postecdysis (postmolt, stages A and B) the new 

cuticle consists of epicuticle and exocuticle and is soft and 

flexible (stage A), and the animal cannot support itself. The 

new endocuticle is secreted (stage B) and calcification and 

sclerotization of the skeleton take place around the water- or 

air-swollen body). Calcium is transferred from the blood to 

the cuticle, causing blood calcium levels to drop as the cuticle 

is calcified. At the same time, proteins are sclerotized. As the 

new exoskeleton hardens, excess body water is eliminated and 

the soft tissues shrink away from the now-oversized exoskele- 

ton, leaving room for tissue growth during the upcoming 

intermolt. The animal remains sequestered in its retreat and 

does not feed dining the first part of this phase. In terrestrial 

arthropods, epidermal glands secrete wax to waterproof the 

epicuticle at this time. By the end of postecdysis the new 

cuticle is almost fully formed, although calcification is not 

completed until the intermolt. 

Molting is a dangerous time for several reasons, and a large 

percentage of arthropods are unsuccessful in extracting 

themselves from the exuvium and remain trapped in it until 
they die oi are captured by a predator. Because the muscles 

have no ligid points of attachment, movement is difficult or 

impossible immediately during postecdysis, leaving these 

soft-bodied, feeble animals especially vulnerable to predation, 

even if they have successfully exited the exuvium. It has been 

estimated that 80 to 90% of arthropod mortality is in some 

way associated with molting. 

The time between two successive molts is the intermolt, 

and the organism during this period is an instar. The life of an 

arthropod consists of a series of instars separated by molts. 

The length of the intermolts becomes longer as the animal 

becomes older and larger. Some arthropods, such as lobsters 

and most crabs, continue to molt throughout life, even after 

achieving sexual maturity. Others, such as insects and spiders, 

have a more or less fixed number of instars and the animal 

ceases molting after achieving sexual maturity. 

In arthropods, growth is not synonymous with increase in 

size. True growth is an increase in cells, tissues, and biomass, 

and it occurs gradually and continuously during the intermolt 

peiiod, when the animals size cannot change. In contrast, 

increase in size is simply an increase in dimensions that occurs 

abruptly at ecdysis but does not involve the addition of 

biomass. In most animals the two occur simultaneously, but in 

arthropods they are sequential. It is during the intermolt 

speriod that the animal feeds, synthesizes complex polymers, 

and gradually adds to its store of organic molecules, cells, and 

tissues. Ecdysis and an increase in size occur abruptly after 

growth has filled the existing exoskeleton and necessitates its 

replacement by a larger one. 

Molting is under endocrine control. The process has been 

carefully studied and is best understood in insects and crus- 

taceans. The basic pattern seems to be constant throughout 

the arthropods, but the details differ. The steroid hormone 

ecdysone targets the epidermal cells that secrete the cuticle 

and controls the molting process in all arthropods. It is 

secieted by endocrine glands (the pro thoracic glands in insects 

and the Y-organ in crustaceans) and distributed to the epider- 

mis by the blood. The synthesis and release of ecdysone is regu- 

lated by neurohormones from sources that vary with taxon. 

External sensory' receptors always involve a part of the 

exoskeleton, and these may present special problems during 

the molting process. Setae associated with the dendrites of sen- 

sory neurons form several common types of sensory structures. 

New setae are secreted beneath the old, but the dendrite 

remains connected to the old seta until ecdysis. 

Muscle connections to the exoskeleton also pose a special 

problem during ecdysis. The molting animal must main- 

tain a mechanical connection between the muscle and the 

exoskeleton (old or new) throughout the molting process. 

Without this connection, it is powerless to move and would 

be unable to escape from predators or to extract itself 

from the exuvium, and even with the connection, movement 

is difficult when the cuticle is flexible. Muscle fibers extend 

to the epidermis but end there, and do not cross it to insert 



Musculature and Movement 525 

CUTICLE EPIDERMAL CELL .MUSCLE FIBER 

Actin 
Pore canal Procuticle Hemidesmosome Microtubules filament Myosin 

filament 

, Tonofilament 
Epicuticle Plasma 

membrane. 

Desmosome 

FIGURE 16-6 Diagram of the tendonal attachment of 
an insect muscle to the skeleton. Not drawn to scale. (After 

Caveney, 1969. From. Chapman, R. F. 1982. The Insects: 

Structure and Function. 3rd Edition. Harvard University Press, 

Cambridge, MA. p. 249.) 

directly on the cuticle. Instead, the muscle is joined to 

the cuticle by a tendon composed of a patch of specialized 

epidermal cells (tendonal cells) and their secreted fibers 

(Fig. B6-6). The fibers are two sequential bundles of tension- 

bearing protein strands spliced together end-to-end. One 

bundle, composed of intracellular microtubules, spans the 

tendonal cells and links them to the muscle myofilaments by 

desmosomes. The second bundle, of extracellular tonofila- 

ments, is secreted from the apex of the tendonal cells and 

attaches them to the cuticle. The tonofilaments are not 

hydrolyzed during the molting process, and the connec- 

tion between the muscle and exoskeleton is maintained 

throughout ecdysis. 

MUSCULATURE AND MOVEMENT  

The coelomate ancestors of arthropods employed antagonistic 

sets of circular and longitudinal body-wall muscles working 

against a hydrostatic skeleton to accomplish motion. For the 

most part, the arthropods have abandoned the use of a hydro- 

static skeleton and instead take mechanical advantage of their 

leverlike segments and articles. The continuous layers of body- 

wall muscles have been replaced by a complex array of small, 

individual, specialized flexor and extensor muscles attached to 

the exoskeleton (Fig. 16-1B). Arthropod muscles are cross- 

striated and originate and insert on adjacent sclerites of the 

body or appendages. Contraction of the muscle results in 

movement, either flexion or extension, of one sclerite or arti- 

cle with respect to another. 

FUNCTIONAL MORPHOLOGY 
Each movable articulation of the exoskeleton, whether between 

body segments or between the articles of an appendage, is 

equipped with muscles arranged in antagonistic sets. Upon con- 

traction, a muscle reverses the action of its antagonist and in the 

process performs the essential service of restoring the antagonist 

to its extended condition. Flexors and extensors are the most 

common antagonistic pairs in arthropods. Flexors decrease 

the angle between two sclerites or articles, whereas extensors 

increase the angle (Fig 16-ID). Flexors usually accomplish work, 

such as walking or pinching, with respect to the environment, 

and thus are larger, whereas extensors restore the original condi- 

tion, and are weaker. 

The muscles and skeleton work together in lever systems 

similar to those of vertebrates. The arthropod musculoskeletal 

system makes adjustments in the curvature of the body, in the 

position of the limbs with respect to the body, and in the 

angles between the articles of a limb. Longitudinal muscles 

running from segment to segment usually flex the body 

ventrally and extend it dorsally (Fig. 16-1B). In general, direc- 

tion of movement of articles or segments is a function not only 

of the position and orientation of the antagonistic muscles but 

also of the morphology of the articulation and the relative 

development of sclerites and articular membranes on opposite 

sides of the joint. The side with small sclerites and extensive 

articular membrane, such as the underside of the shrimp 

abdomen, is flexed by contraction of the powerful ventral 

longitudinal flexor muscles. The abdomen is extended by the 

weaker dorsal longitudinal muscles where the extensive dorsal 

sclerites prevent flexion. 

The position of an appendage with respect to the body is 

adjusted by protractor and retractor muscles that originate on 

the body sclerites and insert on the proximal articles of the 

appendage (Fig. 16-1B). The angles between the articles of an 

appendage are adjusted by intrinsic limb muscles at each 

articulation. One (or more) of these muscles is an extensor 

and another is a flexor (Fig. 16-ID). Extension of arthropod 

appendages may be assisted by the hydrostatic pressure of 

the hemocoel (the blood pressure). In spiders, for example, 

extension of the legs is accomplished almost entirely by blood 

pressure, although flexion is accomplished as usual by flexor 

muscles. Spiders cannot extend their legs if the hemocoel is 

ruptured so that the blood pressure cannot be elevated. 

Arthropods employ jointed appendages, the body, and 

wings in locomotion. In aquatic species the appendages may 

operate as paddles used for swimming, whereas in terrestrial 

species they are legs for walking. Aquatic species may also use 

their appendages as legs. Aerial arthropods use wings for flight. 

The use of appendages (or wings) for any type of locomo- 

tion involves the limb in a cycle of movement consisting of 

alternating power and recovery strokes. During the power 
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stroke the limb contributes to the motion of the animal, but 

during the recovery stroke the limb is returned to its original 

position in anticipation of the next power stroke. It is desir- 

able for the limb to have maximal influence on motion during 

the power stroke but minimal influence during recovery. 

Accordingly, during the power stroke, contact with the substra- 

tum or medium is maximized, whereas it is minimized in the 

recovery stroke. Otherwise the recovery stroke would undo 

the work of the power stroke. 

Swimming is relatively simple compared to walking or 

flying. It is well developed in crustaceans, the arthropods best 

adapted for aquatic life. The appendages of swimming crus- 

taceans typically are ventral and flattened, like oars, to maxi- 

mize the surface area in contact with the water and therefore 

the friction. The margins of the appendage are frequently 

equipped with featherlike setae to further increase the surface 

area (Fig. 19-15A). On the power stroke, the appendage 

is moved backward, with its surface perpendicular to the direc- 

tion of motion and its setae fully extended to maximize sur- 

face area and drag. On the recovery stroke, the appendage 

may be rotated so it is more parallel with the direction of 

motion and its setae are collapsed to minimize surface area. 

Walking also employs segmental appendages and is based 

on the principles of power and recovery strokes, but in this 

case contact with the environment is only at the tips of the 

appendages, where they touch the ground. During the power 

stioke, the tip is in contact with the ground as the appendage 

moves backward and the animal forward. During the recovery 

stroke, the tip is lifted above the ground and the appendage is 

moved forward, with no effect on the position of the animal. 

The power stroke begins with the leg angled forward and the 

tip extended away from the body and anchored (in contact with 

the substratum). Early in the power stroke the joints of the leg 

flex, thus pulling the animal forward toward the anchored tip of 

the leg. By the conclusion of the power stroke, the leg is angled 

backward from the body (because the tip of the leg has 

iemained in contact with the ground but the body has moved 

forward). The leg joints are then extended, pushing the animal 

forward, away from the still anchored tip, and the leg straight- 

ens. During recovery the limb tip is lifted and the limb is moved 

forward and extended away from the body. 

PHYSIOLOGY 
Contraction of arthropod skeletal muscles is controlled by 

several mechanisms and usually differs from that of verte- 

biates. The many muscle fibers (cells) of a vertebrate skeletal 

muscle aie organized into clusters of fibers known as motor 

units, each of which is innervated by a single motor neuron. 

There may be many motor units in a muscle. When the 

neuron depolarizes, all of the cells of the motor unit contract 

simultaneously and maximally, following the all-or-none 

principle. The entire muscle, however, can exhibit a graded 
response in that the strength of its contraction is variable and 

depends on the number of motor units recruited. Delicate 

movements are accomplished by using a few motor units 

whereas actions requiring strength can be accomplished by 

the same muscle if more motor units are recruited. This 

system works well in large animals that have large muscles with 

large numbers of fibers and motor units. 

Small animals must also achieve graded responses from 

their skeletal muscles. Although some large arthropod mus- 

cles employ motor units, most do not because they are too 

small and contain too few fibers. The motor-unit principle 

requires multiple motor units for recruitment within each 

muscle. Imagine the size of the muscles of the smallest insect 

you know of, perhaps a fruit fly from the genetics lab 

(although many insects are much smaller than fruit flies). 

Obviously the flexor muscles in the fly’s legs, for example, are 

tiny and must be composed of very, very few fibers. Because 

there are so few fibers, a graded response cannot be achieved 

by recruiting motor units. Instead, an arthropod skeletal mus- 

cle is innervated by a small number of neurons, each of which 

may have many junctions with a single fiber or junctions with 

more than one fiber in the muscle. The muscle fiber does not 

contract completely in response to a single stimulus, as do 

most vertebrate skeletal motor units. In other words, it does 

not conform to the all-or-none model. Rather, depolarization 

of the muscle fiber spreads out from each neuromuscular 

junction. The distance it spreads depends on the rapidity 

(frequency) of stimuli received from the neuron. The farther 

it spreads, the greater the number of sarcomeres recruited 

and the greater the strength of the contraction. The degree of 

contraction depends on the extent of muscle depolarization, 

that is, the number of sarcomeres affected and not the number 

of motor units. A graded response is achieved, but by control- 

ling the number of active sarcomeres rather than the number 

of active fibers. 

Muscle-cell innervation in arthropods is polyneuronal in 

that a given cell typically receives axons from more than one 

type of motor neuron. Furthermore, there are two quite 

different types of muscle cells. The two major classes of 

motor neurons are excitatory and inhibitory, but excitatory 

neurons can be either phasic or tonic. A given muscle may 

be innervated by all or a subset of the three neurons. Excita- 

tory neurons cause cells to contract, whereas inhibitory 

neurons block contraction. The muscle cell itself may be 

adapted for either phasic or tonic contractions. Phasic 

muscle cells (fast) are innervated by phasic neurons and 

tonic muscle cells (slow), by tonic neurons. The whole 

muscle may be made up of one or the other type, but most 

muscles are mixtures of the two. Phasic and tonic muscle 

cells differ in ultrastructure and physiology. For example, 

slow cells have longer sarcomeres and more actin than do 

fast cells. The terms fast and sloiu do not refer to conduction 

speed, but iathei to the rapidity with which the muscle 

responds to stimulation. 

Phasic neurons deliver bursts of closely spaced (high fre- 

quency) excitatory impulses that cause phasic muscle cells to 

respond rapidly with a brief sequence of closely spaced 

conti actions. Fhe muscle contracts quickly and then relaxes 

quickly. Tonic neurons deliver prolonged sequences of low- 

frequency (widely spaced) impulses having little delay be- 

tween them. The tonic muscle cell responds with an extended, 

sustained, powerful contraction. Tonic muscle cells do not 

respond to isolated nerve impulses. In arthropods, slow con- 

tractions are usually much stronger than fast. For example, 

fast and slow abdominal muscles of the American lobster, 

Hommus americanus, develop tensions of 838 and 4511 g/cm3, 

respectively. 
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Inhibitory neurons hyperpolarize the muscle membrane, 

thereby reducing the likelihood of contraction even though an 

excitatory neuron may be sending the opposite command 

(depolarizing). For example, the movable finger of the crayfish 

claw is equipped with opener and closer muscles with excita- 

tory and inhibitory neurons. Both muscles are controlled by 

the same excitatory neuron, but they have different inhibitory 

neurons. So if, for example, the crayfish wishes to open the 

claw, a command to contract goes to both muscles, but the 

closer muscle also receives an inhibitory impulse that prevents 

it from responding to the excitatory impulse. Only the opener 

muscle responds, and the finger opens. 

COELOM AND MESODERM  
The well-developed coelom characteristic of annelids and 

many other bilaterian taxa has undergone extensive reduction 

in arthropods in association with the shift from a fluid internal 

skeleton to a solid external skeleton. The primary functions of 

the original coelom were locomotion (as a hydrostatic skele- 

ton), excretion (production of an ultrafiltrate of the blood), 

and reproduction (as a site for the maturation and storage of 

gametes). In arthropods the exoskeleton replaces the coelomic 

hydrostatic skeleton in the musculoskeletal locomotory system 

and thus there is no need to retain a large coelom as a hydro- 

stat. Accordingly, the reduced arthropod coelom is no longer 

the major body cavity. 

Arthropods do not lose the coelom entirely, however, and 

remnants of it persist in association with the excretory and 

reproductive systems. During development, segmental, paired, 

mesodermal masses form from teloblast areas in the posterior 

embryo. Small coelomic spaces may appear in these mesoder- 

mal bands, but most are soon obliterated or coalesce with the 

blastocoel and contribute to the hemocoel. Some of the 

embryonic coelomic sacs, however, become excretory organs 

and gonads. Most of the mesoderm loses its epithelial character 

and does not form a mesothelium, except as the lining of the 

gonad and excretory end sac. The mesoderm differentiates into 

various mesodermal organs and the extensive musculature of 

the locomotory system. 

INTERNAL TRANSPORT  
The arthropod hemal system includes a heart, arteries, sinuses, 

blood, and hemocoel (Fig. 18-2A). The tissues are bathed in 

the blood that nourishes them. The system functions in trans- 

porting nutrients, wastes, hormones, and sometimes gases. In 

the absence of a coelom, the hemocoel is the functional body 

cavity of arthropods. 

The hemocoel is a space in the connective-tissue compart- 

ment derived from the embryonic blastocoel with contributions 

from the mesoderm. It is filled with blood. The arthropod 

hemocoel is homologous to the lumina of the hemal systems of 

other bilaterians, which are also connective-tissue spaces lined by 

basal lamina and derived from the blastocoel. In the arthropods 

the hemocoel is not lined by either an endothelium or other 

cells and usually is not restricted to narrow vessels. A thin, acellu- 

lar basal lamina typically covers the surface of the tissues of the 

hemocoel and separates them from the blood. These laminae, 

when close together, may define channels, or vessels. There are 

definite patterns of blood flow, and vessels (arteries, veins, and 

even capillaries) may be present. Since arterial outflow and 

venous return usually are connected by large hemocoelic spaces, 

the system is often referred to as being “open,” although when 

capillaries are present the system is “closed” but it is never lined 

by a cellular endothelium. 

The arthropod hemocoel is a large space extending 

throughout the body and containing the viscera and muscles, 

which therefore are bathed in blood. It is incompletely parti- 

tioned by a perforated horizontal septum known as the dorsal 
diaphragm (Fig. 16-7), but is not divided into segmental 

compartments. The dorsal diaphragm divides the hemocoel 
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FIGURE 16-7 Cross section of the abdomen of a typical insect. (Modified from Davies, R. G. 1988. Outlines of 

Entomology. 7th Edition. Chapman and Hall, Eondon.) 
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into two blood-filled sinuses. The dorsal region, known as the 

pericardial sinus, surrounds the heart. It is not a true pericar- 

dial cavity, however, since it is not derived from the coelom or 

lined with mesothelium. The pericardial sinus contains blood, 

something that is never true of a healthy coelomic pericardial 

cavity. The ventral region is the perivisceral sinus, which 

surrounds the viscera, including the gut, muscles, fat bodies, 

gonads, and Malpighian tubules. In some arthropods (such as 

hexapods), a ventral diaphragm separates the larger perivis- 

ceral sinus from a small perineural sinus lying ventral to it 

surrounding the ventral nerve cord. The diaphragms are 

perforated, permitting blood to cross them on its way back to 

the heart. 

The typical arthropod heart is a mid-dorsal, muscular tube 

in the pericardial sinus (Fig. 18-20). The length of the heart 

varies, but in the ancestral arthropods it extends the entire 

length of the body (Fig. 16-1 A). The heart wall is composed 

of circular muscles. Peristaltic contractions of these muscles 

propagate from posterior to anterior and propel the blood 

anteriorly in the heart. The heart is perforated by paired ostia 

equipped with one-way valves permitting blood to enter the 

heart from the pericardial sinus but preventing flow in the 

reverse direction. In the ancestral condition, each segment has 

a pair of ostia, but in most arthropods the number is reduced 

and the segmental arrangement is lost. Elastic suspensory liga- 

ments or contractile alary muscles extend from the outside of 

the heart to the nearby exoskeleton or connective tissue (Fig. 

16-7). Contraction of these ligaments or muscles dilates the 

heart. 

Duiing early ontogeny, paired coelomic sacs form in each 

segment and the heart forms in the dorsal mesentery between 

the two sacs (just as it does in annelids, vertebrates, and other 

coelomates with a hemal system). Later, the coelomic sacs and 

mesenteries disappear and are replaced by the hemocoel so 
that in adult arthropods, the heart is surrounded by hemocoel 

rather than coelom. 

Arteries are tubular extensions from the heart that open 

into the hemocoel. The largest are sometimes referred to as 

aortae. The principal arteries are the anterior aorta, paired 

segmental arteries, and in some taxa, a posterior aorta. In the 

ancestral condition there is a pair of segmental arteries in 

each segment, but in derived arthropods the number of pairs 

is less than the number of segments and the arteries are no 

longer segmental. 

In Crustacea and Chelicerata the blood transports oxygen 

to the tissues, but in hexapods gas transport employs a 

tracheal system independent of the hemal system. To assist in 

gas transport, respiratory pigments are present in many 

crustaceans, but in few chelicerates and tracheates. The cop- 

per-based pigment hemocyanin, by far the most common 

arthropod respiratory' pigment, is widespread in crustaceans 

and has been reported in some centipedes. Hemoglobin is 

present in a few crustaceans and insects. As in other inverte- 

brates, but unlike vertebrates, respiratory pigments are in 

simple solutron rn the blood plasma, rarely rn corpuscles. 

The blood transports nutrients from the gut to the tissues, 

and energy storage compounds may accumulate in the blood. 

High concentrations of the sugar trehalose are found in insect 

blood. Amebocytes of various types are present but, in 

general, there are few cells in arthropod blood. The blood of 

many arthropods is capable of clotting. The loss of an 

appendage is a common accidental, or even deliberate, event, 

and the ability to plug the resulting wound is adaptive. 

Clotting is initiated by hemocytes when they are subjected 

to altered conditions. In crustaceans hemocytes release an 

enzyme that converts the blood protein fibrinogen to fibrin to 

form the clot. 

The pattern of blood flow is relatively constant among the 

arthropods. Diastole is the expansion and filling phase of the 

heart cycle. Contraction of alary muscles or suspensory 

ligaments dilates the heart, resulting in negative pressure in 

the lumen. The ostia open and blood flows from the pericar- 

dial sinus into the heart. Systole, the contraction and emp- 

tying phase of the heart cycle, is caused by contractions of the 

circular muscles of the heart wall and has several effects. It 

pressurizes the blood, forcing it out of the heart lumen 

through the arteries to the hemocoel. The elevated blood 

pressure in the heart lumen closes the no-return valves of the 

ostia and prevents backflow into the pericardial sinus. Finally, 

systole stretches (antagonizes) the alary muscles and suspen- 

sory ligaments. The stretched ligaments store energy that will 

be used to accomplish diastole. 

Pressurized blood exits the open ends of the arteries and 

enters the hemocoel. In the hemocoel it flows posteriorly in 

the perivisceral (and perineural, if present) sinus, where it 

bathes the tissues and exchanges materials with them. The 

blood moves dorsally through perforations in the dorsal (and 

ventral, if present) diaphragm and eventually enters the 

peiicardial sinus. During diastole it enters the heart through 

the ostia. Many arachnids and crustaceans have special chan- 

nels to return oxygenated blood from the respiratory organs 

directly to the pericardial sinus without allowing it to mix with 

unoxygenated blood in the perivisceral hemocoel (Fig. 18-20). 

EXCRETION  
Two quite different types of excretory organs are found in 

arthropods, and their occurrence is largely correlated with 

habitat. Saccate nephridia are characteristic of aquatic arthro- 

pods, especially crustaceans and some chelicerates, but also 

occur in many terrestrial chelicerates and a few terrestrial tra- 

cheates (chilopods, diplopods, and collembolans). In aquatic 

arthropods, which have no need for water conservation, 

nitrogen metabolism usually is ammonotelic and nitrogen 

excretion is accomplished across any permeable surface, typi- 

cally the gills. The excretory organs function primarily in main- 

taining ion balance and fluid volume and have little or no role 

in the elimination of metabolic wastes. They are usually best 

developed in freshwater species that must counter a heavy 

osmotic influx of water. 

Saccate nephridia are known by a variety of names, includ- 

ing end sac organs, sacculi, coxal glands, green glands, anten- 

nal glands, and maxillary glands. They are derived from the 

coelomic spaces and metanephridial systems of the coelomate 

ancestors of the arthropods and develop in the embryo from 

coelomic pouches in paired segmental masses of mesoderm. 

Saccate nephridia are filtration kidneys consisting of a tubule, 
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derived from a metanephridium, draining a small coelomic 

space, the end sac. The nephridium is surrounded by blood, 

which is pressurized by the heart (Fig. 16-8A, 19-6). The walls 

of the end sac are derived from the mesothelial basal lamina 

and podocytes, which form the filter (Fig. 16-8B). 

Blood pressure in the hemocoel forces blood across the 

collagen mesh of the basal lamina and an ultrafiltrate (pri- 

mary urine) forms in the end sac. The tubule connects the 

end sac with a nephridiopore on the exterior. The ultrafiltrate 

is modified as it flows along the tubule to the nephridiopore, 

and by the time it arrives, its valuable constituents have been 

reclaimed and additional wastes have been secreted into it. 

The composition of this final urine is very different from that 

of the primary urine. 

The well-developed saccate nephridia of freshwater crus- 

taceans are adapted primarily for osmoregulation in hypo- 

smotic environments. They conserve ions and eliminate water 

by producing copious urine. Large volumes of ultrafiltrate 

form in the end sac and then move through the tubule to the 

End sac 
Tubule (coelom) 

A 

FIGURE 16-8 Diagram of an arthropod saccate nephridium derived 

from a nephridium and coelom remnant. A, A generalized saccule. 

Podocytes and a basal lamina form part of the end sac lining. B, Detail 

of the end sac wall of a crayfish, showing the flow of ultrafiltrate across 

the basal lamina and podocytes. (From Kiimmel, G. 1967. DiePodocyten. 

Zoolog. Beitr. N. F. 13:245-263) 

nephridiopore. The tubule epithelium is specialized to reclaim 

ions, and often a bladder exists for storing the final urine (Fig. 

19-6B). The tubule of the crayfish antennal gland, for example, 

resorbs sufficient ions to reduce the chloride concentration of 

the urine from about 200 pM/L in the end sac to about 

10 (JLM/L at the nephridiopore. 

One of the reasons crustaceans have not been very suc- 

cessful in terrestrial habitats may be their failure to develop a 

method of eliminating waste nitrogen that does not waste 

water. Crustaceans, including the terrestrial pill bugs, largely 

rely on ammonia as the nitrogenous end product. The high 

toxicity of the ammonia molecule requires rapid dilution with 

abundant water, which most terrestrial arthropods do not have. 

In the majority of terrestrial arthropods, nitrogen metabo- 

lism is uricotelic and excretion is accomplished by a second 

type of excretory organ, the Malpighian tubules. These are 

new structures, invented independently by several taxa of ter- 

restrial arthropods to conserve water. 

Malpighian tubules are characteristic of terrestrial arthropods 

and are the principal or only excretory organs of insects and 

arachnids, although saccate nephridia are present in some 

members of both taxa. Myriapods and some arachnids, includ- 

ing some spiders, have both saccate nephridia and Malpighian 

tubules. An excretory system that does not waste water is a 

prerequisite to successful colonization of land and such systems 

are found in terrestrial arthropods and vertebrates. Whereas ver- 

tebrates employ nephrons, which are modified metanephridia, 

terrestrial arthropods invented Malpighian tubules for this pur- 

pose. The efficient excretory system of the tracheates, arachnids, 

and amniotic vertebrates is one reason for their unparalleled 

success on land. 

Malpighian tubules excrete nitrogen in the form of 

insoluble uric acid or guanine. These nitrogenous bases are 

synthesized as the end product of nitrogen — especially 

nucleic acid — metabolism. Both molecules are nearly insolu- 

ble in water and are considerably less toxic than ammonia. 

They do not require dilution to render them nontoxic. 

Malpighian tubules are blind-ended tubular diverticula of 

the gut located at or near the midgut-hindgut junction. They 

extend into the hemocoel, where they are bathed in blood 

(Fig. 16-9, 21-8A,C). They are secretion kidneys that require 

no coelomic space, no source of pressure, and no filter. 

Metabolizing tissues secrete nitrogenous wastes as soluble uric 

acid or guanine into the blood. The waste molecules are 

absorbed from the blood by the tubule epithelium and 

secreted into the tubule lumen. From there they move to the 

lumen of the gut, where they precipitate in the low pH 

environment found there. The precipitate is incorporated 

into the feces and eliminated through the anus (Fig. 21-9). 

The muscular Malpighian tubules writhe sinuously in the 

hemocoel to maintain a high concentration gradient of uric 

acid across their walls. 

The presence of Malpighian tubules in tracheates and 

arachnids is probably a convergence in these two unrelated 

terrestrial taxa. These two taxa colonized the land indepen- 

dently, but faced the same challenge of water conservation 

and evolved similar solutions to the problem. 

Nephrocytes are excretory cells that are common in arthro- 

pods. They are large pinocytic cells in the hemocoel (Fig. 16-7) 

that process wastes and toxins that the nephridia or Malpighian 
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FIGURE 16-9 Diagram of a typical 
hexapod digestive system. (After Snodgrass, 

1935.) 

tubules are unable to eliminate. Nephrocytes may metabolize 

the waste and return it to the hemocoel in a form that can be 

eliminated by the principal kidneys, or they may function as 

storage kidneys and sequester it indefinitely. 

GAS EXCHANGE  
In small arthropods (with a high surface area-to-volume ratio) 

the unspecialized body surface is usually sufficient to supply 

adequate amounts of oxygen. Larger arthropods, however, 

require special gas exchange surfaces to provide the area 

needed to absorb enough oxygen for metabolic needs. Gas 

exchange structures are extremely varied in arthropods and 

will be discussed in more detail in subsequent chapters in 

conjunction with individual taxa. Arthropod respiratory 

surfaces are epidermal derivatives that must be moist. The 

cuticle is thin and permeable, and its epicuticle is neither 

waxed nor waterproof. Aquatic arthropods typically employ 

gills or book gills, which are evaginations of the body surface, 

whereas terrestrial species utilize invaginations such as book 

lungs or tracheae. 

Mechanisms for transporting gases between the respiratory 
sui faces and tissues are also varied. The hemal system may be 

responsible for this transport, or the respiratory organs 

themselves may deliver oxygen directly to the tissues. 

Gills of many types are found in Crustacea and aquatic 

insects. In Crustacea, gills are usually modified appendages 

(Fig 19-36, 19-37). Book gills, characteristic of horseshoe 

crabs, are flat, pagelike lamellae extending from the ventral 

surface of the abdomen (Fig. 18-2A). Oxygen transport to the 

tissues is the responsibility of the well-developed hemal system. 

Book lungs are present in many arachnids. A book lung is 

an invaginated pocket of the exoskeleton that contains numer- 

ous secondary evaginations. The evaginations are flat, leaflike 

lamellae whose function is to increase surface area for gas 

exchange (Fig. 18-20). Oxygen transport from the lungs to the 

tissues is through the blood. 

Tracheae occur in arachnids, onychophorans, and tra- 

cheates. These tubular invaginations of the epidermis and 

cuticle extend inward from an opening, the spiracle, on the 

body sui face. Tracheae branch into ever-smaller tubes, 

ultimately delivering oxygen directly to individual cells (Fig. 

-1-10) without the mediation of the hemal system in most 
cases. Tracheae, like Malpighian tubules, are thought to have 

evolved several times in terrestrial arthropods and their 

occunence in the arachnids and tracheates likely resulted 

from convergence, not common ancestry. Some may have 

evolved from apodemes, which also are invaginations of the 

exoskeleton, and others from book lungs. 

NUTRITION   
Like that of most bilaterians, the arthropod gut consists of 

three regions (the foregut, midgut, and hindgut), each having 

a characteristic histology, function, and developmental origin 

(Fig. 16-1 A). The foregut and hindgut are derived from the 

ectodermal stomodeum and proctodeum, respectively, and 

only the midgut is endodermal. As ectodermal derivatives, the 

foregut and hindgut are lined by epidermis and cuticle. The 

midgut is lined by gastrodermis and has no cuticle. 

In general, the foregut is responsible for ingestion, storage, 

and the initial processing of food prior to chemical digestion. 

Most mechanical digestion (trituration) occurs in the foregut 

or prior to ingestion. The midgut functions in enzyme secre- 

tion, hydrolysis (chemical digestion), and absorption of the 

products of hydrolysis. It usually has diverticula, known as 

digestive ceca (or the digestive glands, hepatopancreas, liver, 

midgut ceca, or midgut diverticula), to increase the surface 

area foi absorption and intracellular digestion. The ceca may 

be extremely large and occupy much of the hemocoel. In 

some arthropods enzymes from the midgut move anteriorly 

into the foregut or even outside the mouth, initiating hydroly- 

sis in the foregut or prior to ingestion instead of, or in 

addition to, the midgut. The hindgut is responsible for feces 

formation, feces storage, and the reclamation of valuable 

materials, especially water. It sometimes has a respiratory role. 

The gut is regionally specialized to accomplish its varied 

functions (Fig. 16-9, 21-8A,C). The foregut typically includes 

a pharynx, esophagus, crop, and proventriculus (stomach). Its 

epithelium often secretes elaborate, sclerotized, cuticular 

structures such as teeth and setae (Fig. 21-8R). The midgut 

usually is not subdivided, but has at least one pair of digestive 

ceca. A valve separates the foregut from the midgut (Fig. 

21-8B) and another lies between the midgut and the hindgut. 

The epithelium in the vicinity of the foregut-midgut valve 

secretes a thin, permeable peritrophic membrane around the 

food mass. The peritrophic membrane protects the delicate 

walls of the midgut from abrasion by the food and plays an 

important role in localizing digestive enzymes. The hindgut 

may be divided into an intestine and rectum. The hexapod 

gut is capable of transferring water from its lumen back to the 

blood, thereby conserving this valuable commodity (Fig. 21-9). 
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This is another important osmoregulatory adaptation that 

contributed to the success of the insects in terrestrial habitats. 

The mammalian colon has the same ability, and for the same 

reason. 

NERVOUS SYSTEM  
The arthropod nervous system is similar to that of Annelida, 

the other major taxon of segmented protostomes. In fact, 

similarities between arthropod and annelid nervous systems 

have long been taken as evidence of a close evolutionary 

relationship between the two taxa. In light of molecular 

evidence suggesting that annelids and arthropods are not re- 

lated, it may be that the similarities are convergent and simply 

reflect the optimal neural design for a segmented protostome. 

The arthropod (and annelid) central nervous system consists 

of a dorsal supraesophageal ganglion, or brain, in the head, a 

pair of circumenteric connectives that encircle the gut just pos- 

terior to the brain, and a paired, ventral, longitudinal nerve 

cord wfth paired segmental ganglia, and segmental sensory and 

motor nerves (Fig. 16-1, 21-7, 16-11). 

The arthropod brain (supraesophageal ganglion) is a syn- 

cerebrum consisting of the fused, paired ganglia (neuromeres) 

of two or three anterior head segments (Fig. 16-10). The proto- 
cerebrum, the paired ganglia of the acron, is the anteriormost 

region of the brain. It receives sensory nerves (optic) from the 

various types of arthropod eyes (Fig. 16-11, 21-7) and processes 

optical input. The commissure connecting the ganglia of the 

right and left sides of the protocerebrum is preoral, or anterior 

to the mouth. 

The deutocerebrum, the second pair of neuromeres, is the 

integration center for the first head segment (Fig. 16-10A), 

when present. It connects with the sensory and motor nerves 

of the antennae of crustaceans and tracheates. Its commissure, 

like that of the protocerebrum, is preoral. Chelicerates have 

neither antennae nor deutocerebrum (Fig. 16-10B). 

The tritocerebrum is the third pair of neuromeres, and it 

belongs to the second head segment, which is the first postan- 

tennal segment. This segment bears the chelicerae in chelicer- 

ates and the second antennae in crustaceans, but has no 

appendages in tracheates. The tritocerebral commissure con- 

necting the right and left neuromeres of the tritocerebrum is 

postoral, that is, posterior to the foregut. The tritocerebrum 

is the ganglion of a postoral segment that has shifted anteriorly, 

as evidenced by its postoral commissure. 

Circumenteric connectives extend posteriorly and ventrally 

from the tritocerebrum, around the gut to the first pair of 

segmental ganglia. The circumenteric connectives may coal- 

esce with the tritocerebral commissure, which then appears to 

be a single ring around the gut (Fig. 16-10), or they may be 

independent of it (Fig. 21-7). The evolution of the head and 

brain in arthropods is currently an area of active study, 

and the traditional account is likely to be revised in the next 

few years. 

A ganglion, or neuromere, is a mass of nervous tissue, both 

cell bodies and axons, as well as glial cells. In general, arthro- 

pod ganglia have their cell bodies in a cortical (peripheral) 

layer whereas the axons are medullary, in the interior of the 

ganglion. The concentrations of axons—called neuropils—are 

the locations of most synapses. Most arthropod ganglia occur in 

pairs connected by a transverse commissure. In an evolutionary 

trend known as medial fusion, the two ganglia of a pair move to 

the midline and may coalesce to form what appears to be a sin- 

gle, although sometimes bilobed, median ganglion. In reality, 

the median ganglion is still a pair of ganglia, but one with an 

exceedingly short commissure. This is true of the major ganglia 

of the brain, the segmental ganglia of the ventral nerve cord, 

and the paired connectives of the ventral nerve cord itself. 

The arthropod nervous system includes the central nervous 

system (CNS), consisting of the brain and ventral nerve cord, 

and the peripheral nervous system (PNS), consisting of the seg- 

mental nerves connecting muscles and sense organs with the 

CNS. Sensory and motor neurons in the nerves of the PNS take 

sensory information to the CNS and carry motor commands 
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away from it. Interneurons are restricted to the CNS, where 

they mediate the interactions between sensory and motor 

neurons. In addition to the somatic nervous system mediating 

interactions with the external world, a somatogastric nervous 
system, with its own sensory and motor neurons, monitors the 

visceral organs and controls internal functions. 

The evolution ol the arthropod brain was largely a process of 

cephalization in which the anterior end of the nervous system 

became increasingly important as a control center. The brain 

integrates sensory input with motor output and coordinates the 

activity of the segmental appendages. It is associated with the 

development of effective, efficient sense organs, such as anten- 
nae and eyes, in the head. The brain of the ancestor probably 

was simply the protocerebrum in the acron, but it enlarged as 

segmental ganglia of more and more posterior segments 

became consolidated with the protocerebrum. An early result 
was the three-part supraesophageal ganglion but the trend 

has progressed much farther in many arthropod taxa. The 

ganglia of additional head segments are often associated, both 

structurally and functionally, with the brain. In most arthro- 

pods the ganglia of the posterior head segments (such as those 

of the mandibles, maxillae, labium, and others) coalesce to 

form a subesophageal ganglion that serves the posterior head 

appendages (Fig 16-11). The supraesophageal and subesoph- 

ageal ganglia are joined by the circumenteric connectives that 

form the nerve ring around the anterior gut. These two large 

ganglionic masses are closely integrated both structurally and 

neurologically and function together as a brain. 

In most derived arthropods, a variable number of thoracic, 

and even abdominal, ganglia coalesce with the subesophageal 

ganglion. The result is an anterior control center consisting of 

the original three-part supraesophageal ganglion dorsal to the 

gut and the enhanced subesophageal ganglion ventral to it. 

When it is this inclusive, the subesophageal ganglion is some- 

times referred to as the thoracic ganglion. In spiders (and 

whip spiders) all segmental ganglia are incorporated into the 

subesophageal ganglion to produce, in conjunction with the 

supraesophageal ganglion, a massive ganglionic concentration 

that occupies most of the space in the cephalothorax (Fig. 

18-20, 18-7B). 

In the ancestral arthropod the trunk segments are homo- 

nomous and each is equipped with two jointed appendages. 

Each appendage is under the control of its own segmental gan- 

glion that lays on the floor of the hemocoel at the base of the 

appendage. Three pairs of segmental nerves, with both sensory’ 

and motor neurons, connect the ganglion with its appendages. 

Coordination of the right and left appendages of a segment 

is accomplished by a segmental commissure, a bundle of axons 

extending transversely across the segment to connect the 

right and left ganglia of that segment. Coordination of the 

appendages with those anterior and posterior to the segment is 

accomplished by longitudinal connectives extending anterior 

and posterior to connect the ganglia of adjacent segments. The 

two series of successive connectives are the two parallel, longitu- 

dinal ventral nerve cords (Fig. 16-11). Anteriorly, they connect 

with the subesophageal ganglion or the brain. The result is the 

characteristic ladderlike nervous system of arthropods (and 

annelids). The sidepieces of the ladder are the two longitudinal 

connectives and the rungs are the transverse commissures. The 

longitudinal connecdves in many taxa are coalesced through 

medial fusion to form a single median ganglionated nerve cord 

(Fig. 18-7A). 

SENSE ORGANS  
Arthropods, like other metazoans, depend for survival on the 

input of sensory information from their external and internal 

environments. For this they have a sensory system consisting of 

exoreceptors to detect stimuli from the external environment 

and endoreceptors to monitor the internal environment. 

EXORECEPTORS 
Exoreceptors (or exteroreceptors) include receptors for light 

(photoreception), taste and smell (chemoreception), equilib- 

rium, touch and vibrations (mechanoreception), and pressure. 

The inert, nonliving arthropod exoskeleton isolates the animal 
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and its nervous system from the external environment. Provid- 

ing the brain with sensory input from outside the body 

requires that the exoskeleton be penetrated in some manner. 

The arthropods have not just penetrated the exoskeleton, they 

have modified it, in a multitude of ways, so that it has become 

part of the sensory system. Thus, instead of being a barrier, the 

cuticle has become an elaborate array of specialized sensory 

structures for detecting a variety of environmental events. 

Arthropod exoreceptors inevitably incorporate a specialized 

part of the cuticle that helps transduce a stimulus into perturba- 

tions of the neuronal membrane potential that are meaningful 

to the central nervous system. Exoreceptors are sensilla consist- 

ing of a modified region of the cuticle associated with a derived 

cilium, sensory neurons, and support cells. Each is specialized 

structurally to respond to a specific stimulus such as touch, a 

pheromone, sound, vibrations, and light, among others. The 

sensillum is often a hollow seta, but some are cuticular pegs, 

plates, scales, membranes, or pits. It may be that all setae are 

sensilla of some type, although this has not been demonstrated. 

An arthropod’s body literally bristles with batteries of specialized 

sensilla, only a few of which can be mentioned here. 

Simple mechanoreceptors consist of a hollow seta with one 

or more sensory neurons inside. Deflection of the seta from its 

resting position affects the polarity of the neuronal mem- 

brane, and the brain (or appropriate ganglion) is informed of 

the disturbance. The amount of pressure required to deflect 

the seta and activate the neuron is related to the size of the 

seta. Fine setae detect gentle pressures such as weak air cur- 

rents and robust setae respond to heavy pressures. Trichoboth- 

ria are extremely sensitive mechanoreceptors specialized for 

detection of weak, low-velocity air currents (Fig. 18-8E). 

Chemoreceptors detect chemicals from distant (by smell, 

or olfaction) or contact (by taste, or gustation) sources. 

Chemoreception requires a thin, permeable or perforated 

cuticle that permits passage of the chemical to the membrane 

of a chemosensory neuron. A reaction between the stimulus 

molecule and specific receptor proteins on the neuronal 

membrane affects membrane potential and sends a signal to 

the brain. Chemoreceptive sensilla (Fig. 18-8C, 16-12C), which 

often resemble mechanoreceptive setae, are modified hollow 

setae with substrate-specific chemosensory neurons inside 

(Fig. 18-8C). There may also be more elaborate chemosensory 

peg organs with numerous sensory neurons (Fig. 16-12A). 

Equilibrium receptors for the detection of gravity, balance, 

and acceleration seem to be absent in most arthropods, with 

the exception of some malacostracan crustaceans (including 

crabs, shrimps, lobsters, crayfishes, and mysids). It is useful for 

a mobile organism to know which way is up, but most arthro- 

pods apparently rely on the direction of the light for this. 

Many malacostracans, however, are equipped with statocysts, 

analogous to the vestibule of the vertebrate inner ear, for the 

detection of a gravitational field (Fig. 19-7B). 
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Chordotonal organs are sensilla with thin strands of tissue 
or cuticle stretched between two thicker regions of the cuticle. 

A dendrite is attached to the strand, and deformation of 

the strand depolarizes the dendrite membrane. Chordotonal 

organs detect changes in tension (stretch) due to pressure 

changes, perhaps in the air in the tracheae, blood in the 

hemocoel, or water surrounding an aquatic insect. 

Some arthropods can detect vibrations in air as sound 

using modified setae or tympanal organs, which are chordo- 

tonal organs adapted for detecting sound waves in air. These 

sensilla are present in several insect taxa (cicadas, crickets, 

grasshoppers, and moths) and usually receive acoustic signals 
from conspecifics in territoriality or courtship interactions. It 

is no coincidence that most, but not all, insects with tympanal 

organs are also capable of producing sound. 

A tympanal organ is a modified area of the tracheal system 

that has fused with the exoskeleton. Like the rest of the 

tracheal system, it is filled with air. One wall of the organ is a 

tympanic membrane (or tympanum) formed of a thin sheet of 

cuticle that functions like an eardrum in response to 

vibrations in air. The sensory dendrites attached to the inner 

surface of the tympanum depolarize in response to vibrations 

of the membrane. Tympanal organs may be located on the 

forelegs (as in crickets and long-horned grasshoppers), first 

abdominal segment (as in short-horned grasshoppers and 

cicadas), or metathorax (as in moths). Although moths do not 

generate sound, some have tympanal organs to detect the 

echolocation hunting signals generated by bats. Upon hearing 

these signals, the moth takes evasive action to avoid capture. 

Some arthropods use specialized setae to detect sound. In 

some flies, the setae are on the antennae. 

Campamform organs are highly modified sensilla in which 
the seta forms a cuticular dome to which a sensory dendrite is 

attached (Fig. 16-12B). The dendrite is sensitive to deforma- 

tion of the dome. In cockroaches campaniform organs on the 

tarsi are responsible for inhibition and excitation of the “right- 

ing i esponse by which a roach on its back turns over, or rights 

itself. When the roach is upright, the dome of the campani- 

form organ is deformed and a continuous signal is sent to the 

brain to inhibit the righting response. Should the insect be 

turned on its back, the campaniform organs are no longer 

defoi med and the signal to the brain ceases, causing the insect 

to begin waving its legs to gain purchase on the substratum to 

right itself. 

Hygroreeeptors for the detection of humidity are impor- 
tant in tenestrial arthropods. These sensors typically occur 

m association with a thermoreceptor cell, and the resulting 
sense organ is a thermo-hygroreceptive sensillum. Present in 

all hexapod orders that have been studied, they usually are 

on the antennae, which may have from 2 to 70 of them. The 

sensillum consists of a hollow cuticular peg containing sev- 

eral support cells and three sensory cells. The sensory cells 

are a moisture-sensitive hygroreceptor, a dryness-sensitive 

hygroreceptor, and a thermoreceptor. The moisture-sensitive 
cell increases its signal frequency with increasing moisture, 

whereas the dryness-sensitive receptor decreases its impulse 

frequency with increasing humidity. The thermoreceptor 

increases its signal frequency with decreasing temperature. 

The mechanism by which these receptors detect humidity 

and temperature is not known. 

Photoreceptors, or eyes, are widespread and often well 

developed and sophisticated in arthropods. Two different types 

of eyes, median pigment-cup ocelli and lateral compound eyes, 

are found in the arthropods. Both contain rhabdomeric 

photoreceptor cells connected with the protocerebrum by 

optic nerves, but they differ in their morphology and function. 

Both may be present in the same individual. 

Pigment-cup ocelli are highly variable among arthropods 
and range from relatively simple receptors like the naupliar 

eyes of crustaceans to the complex, image-forming main eyes 

of spiders. Unlike compound eyes, all the receptor units 

(retinal cells) of an ocellus share a common lens. Median 

ocelli are present in arachnids, pycnogonids, crustaceans, and 

hexapods. Myriapods have lost all median ocelli, and their 

eyes are derived from lateral compound eyes. 

A typical pigment-cup ocellus consists of a cup-shaped layer 

of pigment-containing cells enclosing a cup-shaped layer of 

photoreceptor cells known as the retina (Fig. 6-8D,E). The 

concavity of the cup is oriented toward the environment from 

which light is received. The pigment layer prevents the entry 

of light from any other direction so the animal can deduce the 

direction of the light source. A cuticular lens (cornea) may be 

associated with the opening of the cup. 

Pigment-cup ocelli are physically associated with the exoskele- 
ton and epidermis, from which they are derived. The lens is a 

thickened area of cuticle (Fig. 18-8A,B) whereas the retina and 

pigmented layer are derived from the epidermis. Arthropod 

ocelli usually are small, nonimage forming, and useful only in 

detecting the source of light, but some, such as the main eyes of 

spiders, are large, have abundant retinal cells, and form an 

image. 

Ocelli are referred to as median eyes regardless of their 

location on the animal, and the ancestral arthropod probably 

had about foui pairs. Modern arthropods have some derivative of 

this number. The naupliar eyes of crustaceans are derived from 

two pairs of median ocelli, spiders have a single pair (the main 

eyes; Fig. 18-27QD), and hexapods usually have three unpaired 

ocelli (Fig. 21-1A). Ocelli in some taxa are equipped with a layer 

of reflective pigment known as a tapetum (Fig. 18-8A). 

Compound eyes are composed of many light-receiving 

units known as ommatidia, and, in contrast with ocelli, each 

unit typically (but not always) has its own lens (or cornea). 

They are referred to as lateral eyes regardless of their position. 

Compound eyes are present in trilobites, horseshoe crabs, 

aiachnids, crustaceans, insects, and some myriapods, but, of 

course, not in all members of these taxa. Compound eyes 

usually aie flush with the surface of the head and, if so, are 

said to be sessile (Fig. 21-3). In some crustaceans (crabs and 

shrimps, for example), however, the eyes are at the ends of 

eyestalks, from where they have a much wider field of view 
(Fig. 19-2B). 

The ancestral arthropod may have had as many as five pairs 

of lateral compound eyes, but in most modern taxa this 

number has been reduced to a single pair. In the arachnids 

the number is variable, but their lateral eyes are modified and 

are not immediately recognizable as being compound. Most 

spiders, for example, have three pairs of compound eyes 

(secondary eyes) and one pair of ocelli (main eyes). 

The ommatidium is the individual, self-contained, and 

independent light-detecting unit of the compound eye. 
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A compound eye may contain as few as 15 to as many as 

several thousand of these units. Ommatidia are elongate and 

rod-shaped (Fig. 16-13A). They lay side-by-side, perpendicular 

to the surface of the head, where they are visible as facets that 

usually are hexagonal in shape. Each ommatidium includes its 

own focusing system, a light-transmitting system, a collection 

of light-sensitive photoreceptor cells, and screening pigment 

to isolate the unit optically from adjacent ommatidia. Each 

has its own field of vision, which overlaps that of adjacent 

ommatidia. 

The exposed outer, or distal, end of the ommatidium is the 

transparent cornea (or lens), which is part of the exoskeleton 

(Fig. 16-13A,D) and focusing system. The rigid, cuticular cornea 

is incapable of moving or changing shape and thus has a fixed 

focal length. It is incapable of accommodation to adjust 

for changes in the distance to the object. Being cuticular, 

it is molted with the rest of the exoskeleton during ecdysis. 

Immediately below the cornea are the epidermal corneagenous 
cells, which secrete it. The transparent crystalline cone that lies 

below the corneagenous cells is composed of the central, trans- 

parent regions of four crystalline cone cells. It also is part of the 

focusing system and functions as a second lens. In some taxa 

there is a transparent cone stalk connecting the cone with the 

retinula (discussed later). The cone stalk transmits light from 

the cornea to the light-sensitive rhabdome, functioning like an 

optical fiber. The myriapod ommatidium has no crystalline 

cone. The cone and cone stalk are surrounded by distal pig- 

ment cells that contain dark brown or black screening pigment. 

Screening pigments are not photosensitive and should not be 

confused with rhodopsin. 

In arthropod (and vertebrate) eyes, light is detected by the 

light-sensitive pigment rhodopsin. This pigment is embedded 

in the photoreceptor cell membrane. When struck by a pho- 

ton of light, rhodopsin undergoes a chemical reaction that 

affects the electrical potential of the cell membrane. This 

disturbance of the resting polarity is transmitted to the brain, 

where it is interpreted as light. 

The sensory complex of the ommatidium consists of seven 

or eight light-sensitive retinular cells clustered to form a 

retinula (Fig. 16-13A,E). The retinular cells contain rhodopsin 

arrayed on the membranes of microvilli arising from their 

axial surfaces (Fig. 16-13E). The microvilli are pointed toward 

the central axis of the retinula, where they interdigitate with 

those of other retinular cells to form the rhabdome in the 

core of the retinula (Fig. 16-13A,E). The rhabdome is the 

mass of microvilli belonging to the cells of the retinula. This 

axial concentration of microvilli results in a high density of 

rhodopsin and increases the likelihood that light entering the 

rhabdome will strike a pigment molecule. Retinular cells also 

contain proximal screening pigment. 

Each retinular cell terminates in an axon at its proximal end. 

Seven or eight axons thus exit each ommatidium and synapse 

with the optic ganglion, which usually is in the protocerebrum. 

The combined axons from all the ommatidia of an eye consti- 

tute the optic nerve, which extends from the eye to the proto- 

cerebrum. Light passes through the cuticular cornea, crystalline 

cone, and cone stalk (if present) to strike the rhabdome. 

The image formed by a compound eye operating in bright 

light is a mosaic image, as is that formed by a vertebrate eye. 

Each ommatidium responds to a single point of light that 

originated from an object in the visual field. The brain 

combines the points from all ommatidia to form a composite 

image composed of numerous spots of light. Ommatidia are 

far larger than vertebrate rods or cones, and consequently the 

image formed is of a coarser grain. 

The compound eye is not very good for distance vision com- 

pared to the large eyes of birds and mammals. The world within 

about 20 cm is much more important to most arthropods, how- 

ever, and compound eyes are effective within this range. Com- 

pound eyes are especially good at detecting motion, as you 

know if you have ever tried to catch a fly with your hand. As an 

object moves across the visual field, it stimulates a succession of 

ommatidia, which the brain interprets as motion. The total 

corneal surface of a compound eye can be strongly convex, 

resulting in a wide visual field. This is particularly true of stalked 

compound eyes, in which the cornea may cover an arc of more 

than 180°. 

Compound eyes can be either light- or dark-adapted. The 

compound eyes of most arthropods are able to adjust, at least 

to a limited extent, to both bright and dim light, but in 

general they tend to be organized to function best in one or 

the other. Light-adapted eyes are said to be appositional, 

whereas dark-adapted eyes are superpositional. The two differ 

in the presence or absence of a cone stalk, deployment of 

distal and proximal screening pigment, and the distance 

between the cone and the rhabdome. 

Apposition eyes have no cone stalk and the cone cells are 

close to the rhabdome. Both screening pigments are maximally 

dispersed in their cells, so the ommatidium is isolated optically 

from adjacent ommatidia by the resulting curtain of dark 

pigment (Fig. 16-13B3,C,D). Light entering a given cornea is 

confined by the screening pigment to one ommatidium, 

stimulates the rhabdome of that ommatidium, and cannot 

escape to stimulate the rhabdomes of adjacent ommatidia. In 

the apposition eyes of honeybees and locusts, for example, less 

than 1% of the light reaching a rhabdome comes from other 

ommatidia. 

An eye in apposition mode functions well in bright light 

and permits the greatest resolution of the image. Each point 

of light stimulates one ommatidium and sends one signal to 

the brain. That point is registered by the brain as one point in 

the mosaic image. 

Arthropods such as the diurnal terrestrial and shallow-water 

aquatic species that live in well-lit habitats usually have apposi- 

tion eyes. The screening pigment is well developed, the length 

of the crystalline cone is approximately equal to its focal length, 

and the lower end of the cone and the upper end of the 

rhabdome are contiguous, or nearly so (Fig. 16-13C,D1). The 

retinular cells are quite long, extending from the crystalline 

cone to the basal lamina of the retina. These modifications tend 

to confine light entering a facet to a single ommatidium and to 

funnel the light down the axis of the ommatidium to its 

rhabdome. 

The superposition eye is modified to collect and concen- 

trate the light from several corneas onto a single ommatidium. 

The discontiguous cone and rhabdome are connected by a 

cone stalk. The two screening pigments are concentrated in 

a small volume of their respective cells, minimizing their 

effect. They do not form a curtain of pigment separating 

adjacent ommatidia (Fig. 16-13B1,D2). Light can pass from 
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one ommatidium to another, causing a rhabdome to respond 

to light that entered several different ommatidia. The crys- 

talline cone tends to be twice as long as its focal length, and 

there is considerable space between the end of the cone and 

the rhabdome, permitting the bent light rays to cross from the 

crystalline cone of one ommatidium to the rhabdome of 

another. The retinular cells are much shorter than those in 

apposition eyes and are restricted to the base of the ommatid- 

ium. These adaptations for low light intensity make it more 

likely that a rhabdome will be activated, even by a weak light 

source. In this mode, a single point of light is not associated 

with a single point in a mosaic image. A blurred image, or no 

image, is formed, but the brain is aware that there is light in 

the environment and can tell if it is moving. Each photon has 

maximal effect on the signal sent to the brain and the animal 

can be aware of very dim sources of light in its environment. If 

the few available photons all went to different ommatidia, 

none might be sufficient to generate an impulse to the brain, 

but if they enter in a single ommatidium, its threshold may be 

exceeded and an impulse sent to the brain. In crayfish super- 

position eyes, about 50% of the light entering a rhabdome 

originates in other ommatidia. In some insects and arachnids 

a tapetum of reflecting pigment forms a layer below the 

retinulae to reflect light back into the ommatidium. Reflec- 

tions from the tapetum are sometimes visible to human 

observers as eye-shine. 
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FIGURE 16-13 Compound eyes. A, Two generalized ommatidia 
from the compound eye of the crayfish Astacus in longitudinal view. 

B, Compound eye adapted for superposition image formation. Light 

rays from points 1 and 2 are being received as superposition images. 

The distal pigment is retracted and light rays, initially received by 
a numbbr of ommatidia, are concentrated onto a single ommatidium. 

Point of light 3 is being received as an apposition image by a single 

isolated ommatidium with its distal pigment screens deployed. The 
pigment is extended, preventing light rays from crossing from one 

ommatidium to another. C, Compound eye adapted for apposition 

image formation. Each rhabdome is stimulated only by light received by 
its own ommatidium. D, Insect ommatidia of the diurnal (apposition) 

type (1) and nocturnal (superposition) type (2). In the nocturnal type, 

pigment is shown in two positions, adapted for very dark conditions on 
the left side and for relatively bright conditions on the right. E, Stereo 

diagram of the rhabdome of the compound eye of the crayfish 

Procambarus clarkii showing the perpendicular orientation of the 
microvilli projecting from two retinular cells. Transverse sections at two 

levels show the organization of the rhabdome (RH) formed by the 
microvilli of the seven retinular cells of an ommatidium. (A, After 

Bernhards from Waterman; B and C, After Kuhn from Prosser and others; 

E, After Eguchi from Burr, A. H. 1982. Evolution of eyes and photoreceptor- 

organelles in the loiuer phyla. In Ali, M. A. (Ed.): Photoreception and Vision in 

Invertebrates, Plenum Press, New York. pp. 131-178.) 

Superposition eyes are found in nocturnal species, deep- 

water species, and others that live in low light intensities. There 

are many exceptions, however, and not all superposition eyes 

are used in dim light. Screening pigment may be reduced or 

absent in cave-dwelling and bathypelagic species. 

The secondary eyes of spiders, although derived from com- 

pound eyes, are unlike the typical compound eyes of other 

arthropod taxa. Spider compound eyes have retinulae and 

rhabdomes—often many of them—but all the retinulae of an 

eye share a single lens and there are no facets. 

Color vision has been demonstrated in a number of arthro- 

pods and has been extensively studied in some insects. The 

photoreceptive pigments of different retinula cells may be 

specialized to respond to specific wavelengths of light. For 

example, in a bee ommatidium two retinula cells respond to 

green wavelengths and three respond to ultraviolet. Some 

ommatidia contain four blue-sensitive retinula cells. Variously 

colored flowers stimulate responses from different combina- 

tions of retinula cells. 

ENDORECEPTORS 
Endoreceptors (or interoreceptors) inform the CNS of condi- 

tions inside the body. These have not been well studied in 

arthropods, and relatively few endoreceptors have been identi- 

fied. Proprioceptors, which are well studied, are an important 

exception. These provide the CNS with the information 

needed to coordinate locomotion and maintain posture. They 

detect and report the degree of contraction (tension) of 

skeletal muscles and the angle of flexion of body and joints. 

Vertebrates have receptors with similar functions. 

REPRODUCTION  
Most arthropods are gonochoric, although there are some 

important exceptions (such as barnacles). Fertilization may be 

external (as in horseshoe crabs, sea spiders, and some 

crustaceans) or internal in aquatic arthropods, but is internal 

in all terrestrial species. Even when external, the number of 

eggs usually is relatively small in comparison with many 

marine invertebrates. The transfer of sperm from male to 

female is accomplished by a number of quite different mecha- 

nisms. There usually is mating or copulation involving some 

selectivity between the partners (as opposed to the indiscrimi- 

nate release of gametes). Females usually store sperm in 

a seminal receptacle and later use it to fertilize the eggs. 

Sperm transfer is sometimes direct, in which the male 

gonopore, usually at the tip of a penis, delivers sperm directly 

into the female gonopore. The penis may function as an intro- 

mittent organ that introduces semen into the gonopore of the 

female. In many arthropods, however, sperm transfer is 

indirect and there is no direct contact between male and 

female gonopores. In indirect transfer some auxiliary struc- 

ture other than the penis may serve as an intromittent organ 
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to transfer the sperm from the male gonopore to the female 

gonopore. The nature of this structure varies; in crustaceans 

it is usually a modified appendage, and in spiders it is the 

pedipalps. Another common method of indirect sperm trans- 

fer employs packets of sperm known as spermatophores. 

Indirect spenn transfer via spermatophores was an early 

response to the challenge of achieving fertilization on land. The 

sea is a hospitable environment for sperm, eggs, and embryos 

and it is an easy matter for marine animals to simply broadcast 

gametes with a fair chance that fertilization will occur and 

the embryos will survive. In sharp contrast, terrestrial environ- 

ments are very inhospitable to gametes, and internal fertilization 

is required for their survival. Indirect sperm transfer, without 

copulation and with spermatophores, was probably the earliest 

attempt to meet the challenge of fertilization on dry land, and 

many arthropods, especially arachnids, still employ it. In the sim- 

plest, and presumably ancestral, situation, a spermatophore is 

deposited by the male somewhere other than in the female 

gonopore and usually on the ground. The female finds the sper- 

matophore, usually by following chemical cues, and takes the 

entire packet or, more often, just the sperm, into her gonopore. 

The transfer is indirect because the sperm passes from the male 

gonopore to some intermediate substratum and then to the 

female gonopore. More often, however, the male deposits the 

spermatophore only after he has located a receptive female, 

which may require an elaborate courtship ritual. 

Many derived terrestrial arthropods have evolved behavior 

patterns and anatomical equipment for internal fertilization 

by copulation, in which the male inserts an intromittent 

organ, which may or may not be the penis, into the reproduc- 

tive tract of the female and deposits sperm or spermatophores 

in her seminal receptacle. 

Arthropod gonads develop from embryonic coelomic 

spaces and connect with the exterior via paired gonoducts 

derived from coelomoducts. The gonads usually are tubular 

structures lying dorsally in the trunk on each side of the gut. 

The gonoducts open on characteristic segments in different 

taxa. The male sperm duct (vas deferens) may have a region 

specialized for producing spermatophores. The female ovi- 

duct often has a seminal receptacle specialized for storing 

sperm. Sperm transfer and fertilization may occur at widely 

separated times and sperm are stored in the receptacle until 

needed for fertilization. Brooding and parental care of eggs, 

embryos, and juveniles are common in the arthropods. 

DEVELOPMENT   
Most arthropods have large, yolky (macrolecithal) eggs with 

the nucleus and a small amount of yolkless cytoplasm enclosed 

in the center of a mass of yolk. Such eggs are said to be 

centrolecithal (Fig. 16-14A) (even though it is actually the 

blastula, not the egg, that has yolk in its center). The large 

amount of yolk and the position of the nuclei interfere with 

the ancestral spiral cleavage pattern and impose a derived 

superficial cleavage on most arthropod eggs. Superficial cleav- 

age is meroblastic, meaning that the cleavage furrows are 

impeded by the heavy concentrations of yolk and the egg is 

not completely divided into daughter blastomeres. 

FIGURE 16-14 Superficial cleavage. A, Centrolecithal egg. B and 
C, Nuclear division. D, Migration of nuclei toward periphery of egg. 
E, Blastula. Cell membranes have developed, separating adjacent nuclei. 
F, Embryo of the arachnid Thelyphonus. (After Kaestner, A. 1968. 

Invertebrate Zoology. Vol. II. John Wiley and Sons, New York.) 

Because we have long believed arthropods to be closely 

related to annelids, we have assumed spiral, total (holoblas- 

tic) cleavage to be the ancestral arthropod developmental 

pattern. Indeed, some arthropods, such as sea spiders and 

barnacles, have small microlecithal eggs and total cleavage. 

Early workers reported spiral cleavage in some of these taxa, 

but this interpretation has been questioned by some mod- 

ern zoologists. 

Following fertilization the diploid nucleus, located in the 

center of the zygote, undergoes mitotic divisions to produce 

many identical daughter nuclei (Fig. 16-14C). These divisions 

are not accompanied by cytoplasmic divisions and no cell 

membranes form to isolate the individual nuclei. The 

uncleaved embryo is still a single cell, but it has multiple 

central nuclei. These nuclei migrate through the yolk mass to 

positions in the periphery of the zygote (Fig. 16-14D). This 

forms a type of stereoblastula with an outer cortex of cyto- 

plasm and nuclei on the periphery of the central yolk mass 

(Fig. 16-14E). It is this relationship between nuclei and yolk 

that accounts for the term centrolecithal. Cleavage furrows 

begin at the surface but do not penetrate into the central 

yolk. Thus cleavage is superficial and blastomeres form on the 

surface. 

During gastrulation, the superficial cells arrange themselves 

into a primordial blastodisc on the surface of the blastula. The 

cells of the blastodisc differentiate into endoderm, ectoderm, 

and mesoderm, and a segmented, wormlike embryo forms on 

the surface of the yolk mass (Fig. 16-14F). This embryo grows 

and adds segments like other segmented protostomes. 

A pair of mesodermal teloblast areas form on the anterior 

margin of the embryonic telson. These produce pairs of meso- 

dermal masses that become the mesoderm of the segments and 

their appendages. Mitotic activity of the teloblasts adds new 

segments and appendages at the anterior margin of the telson. 
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The blastocoel of the segment becomes the connective-tissue 

compartment and the hemocoel. Coelomic pouches develop 

in the mesodermal masses and metanephridial ducts or coelo- 

moducts may appear with them. The sacs and ducts in some 

segments become the saccate nephridia, gonads, and their 

ducts. These sacs may also be incorporated into the walls of the 

heart in some taxa (such as spiders). The mesoderm proliferates 

to cover the gut and differentiates into the muscles and connec- 

tive tissue of the segments and their appendages. 

The segmental appendages develop from ectodermal evagi- 

nations that fill with proliferating mesoderm that differentiates 

into muscles and connective tissue. Ganglia develop from sub- 

merged masses of ectodermal cells that eventually separate 

from the epidermis. The protocerebrum and deutocerebrum 

arise from ectodermal masses in two preoral segments, whereas 

the tritocerebrum arises from the epidermis of the first postoral 

segment. 

Development was probably indirect in the ancestral arthro- 

pods and each egg hatched as a larva bearing little or no resem- 

blance to the adult. The original arthropod larva probably 

hatched with only the anteriormost segments and their 

appendages, the antennae and the first two pairs of unspecial- 

ized biramous head appendages. Pycnogonids and many 

crustaceans have small eggs that hatch into such larvae with 

three pairs of legs. The pycnogonid protonymphon larva (Fig. 

18-46C) hatches with chelicerae, pedipalps, and the first walking 

legs, all of which are uniramous. The crustacean nauplius larva 
(Fig. 19-8) has the first antennae, second antennae, and man- 

dibles, the latter two of which are biramous. After hatching, 

growth and the addition of new segments and appendages occur 

only in conjunction with ecdysis. 

At the opposite extreme, many derived arthropods exhibit 

direct development, in which all larval stages are suppressed 

or occur in the egg prior to hatching and the young hatch as 

miniature adults with a full complement of appendages and 

segments. Between these two extremes are the many arthro- 

pods with indirect development that hatch at an advanced 

larval stage and having a number of segments and appendages 

intermediate between the nauplius and the adult. 

PHYLOGENY OF ARTHROPODA 
Our understanding of the evolution of these (and most other) 

animals is currently in a state of uncertainty due to the 

conflicting evidence of morphology and molecules. A close 

relationship of Arthropoda, Onychophora, and Tardigrada is 

supported by both molecular and morphological data and it is 

generally agreed that they form the monophyletic taxon 

Panarthropoda. Relationships within Panarthropoda are less 

certain, however, and in some analyses Onychophora is 

thought to be the sister taxon of Tardigrada plus Arthropoda 

(Fig. 16-15) whereas in others Tardigrada is the sister taxon of 

Onychophora plus Arthropoda. Some zoologists exclude 

Tardigrada from Panarthropoda. 

Onychophora, Tardigrada, and Arthropoda share a thick 

cuticle that cannot expand and requires molting to permit 

growth. The body is segmentally organized and grows by 

adding new segments from clusters of posterior teloblast cells. 

The cuticle is unique in containing a-chitin but no collagen. 

The segments bear paired appendages. Locomotory cilia have 

been lost, although cilia may persist in specialized applications 

such as sensilla and sperm. No ciliated larva (trochophore) is 

present and cleavage is superficial. Protonephridia, and their 

flagella, are absent and the primary excretory organs are sac- 

cate nephridia derived from metanephridia. The body cavity is 

a hemocoel derived from the blastocoel with contributions 

from mesenchyme derived from earlier coelomic pouches. 

The heart is a dorsal tube with paired, segmental ostia. 

Onychophora branched early from the arthropod line and 

is the sister taxon of the remaining panarthropods. These 

wormlike terrestrial panarthropods possess oral papillae with 

slime glands. The body-wall muscles are smooth and not orga- 

nized into discrete, individual muscles. They independently 

evolved tracheae as an adaptation to terrestrial life. Paired 

appendages are present, but they are unjointed lobopods lack- 

ing intrinsic muscles confined to the appendage. 

All other panarthropods have jointed appendages with 

intrinsic muscles. Individual muscles with cross-striated fibers 

are present. The brain is a syncerebrum with proto-, deuto-, 

and tritocerebra. 

Tardigrada is the sister taxon of Arthropoda. These small 

animals share several derived characteristics, such as the 

absence of a heart and nephridia, presumably as a conse- 

quence of their small size. One pair of legs is modified to form 

a pair of anterior stylets used in suctorial feeding. The ganglia 

of the first walking legs and the tritocerebrum are connected 

by a nerve. 

Arthropoda (true arthropods, or Euarthropoda) consists of 

Chelicerata and Mandibulata plus several extinct taxa, of 

which Trilobitomorpha is the best known. The body is covered 

by a system of articulating, sclerotized plates that form a flexi- 

ble, armored exoskeleton. The head primitively bears one pair 

of preoral and several pairs of postoral appendages. Eyes are 

associated with the protocerebrum. 

The chelicerate head has a pair of prehensile chelicerae on 

the second segment and there are no antennae. In contrast, 

the mandibulate head bears antennae on the first segment 

and mandibles on the third. Mandibulata includes the sister 

taxa Crustacea and Tracheata. 

In the past it has been suggested that Arthropoda might be 

polyphyletic, meaning that the four great subtaxa are unre- 

lated and have no common ancestor. This hypothesis requires 

the independent arthropodization of at least four separate 

protostome lines, culminating in Trilobitomorpha, Chelicer- 

ata, Crustacea, and Tracheata. At present, however, there is 

general agreement that Arthropoda is in fact monophyletic 

and that its taxa are related and share a common ancestor 

(Fig. 16-15). In this hypothesis, arthropodization, the evolu- 

tion of the suite of uniquely arthropod characteristics, thus 

occurred only once. 

Traditionally, the arthropod ancestor is believed to have 

been a coelomate with a large, well-developed, segmented 

coelom and a relatively small connective-tissue compartment. 

The Cambrian Aysheaia, which exhibits similarities to annelids, 

onychophorans, and tardigrades, has been suggested as a possi- 

ble early panarthropod. During arthropodan evolution the 

exoskeleton became more important as the coelom was 

reduced and the connective-tissue compartment expanded. In 
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FIGURE 16-15 A phylogeny of the higher arthropodan taxa. 
1, Panarthropoda: cuticle of a-chitin and noncollagenous protein; 
ecdysis; hemocoel; paired segmental saccate nephridia; locomotory cilia 
lost; syncerebral brain; open hemal system with dorsal, tubular, ostiate 
heart and pericardial sinus; coelom reduced to nephridia and gonads. 
2, Onychophora: stubby appendages without articulations; tracheae 
tufted and unbranched; multiple nerve commissures per segment; oral 
papillae with slime glands; body-wall muscles in continuous sheets. 
3, N.N.: external segmentation; exoskeleton with articulated plates; 
articulated appendages with intrinsic muscles; three-part syncerebrum. 
4, Tardigrada: four pairs of short, uniramous, unjointed or weakly 
jointed legs; protocerebrum with a neural connection to the ganglion 
of the first legs; sucking pharynx; eutelic; body with head plus four 
trunk segments; anteriormost appendages vestigial, their claws 
modified as a stylet apparatus. 5, Arthropoda: articulated exoskeleton 
formed of plates; jointed, probably biramous appendages; continuous 
sheets of body-wall muscles replaced by individual cross-striated 
muscles; head with acron and probably five segments; one pair of 
preoral antennae and three additional appendages; one pair of lateral 
compound eyes, four pairs of median ocelli; six pairs of saccate 
nephridia (four head, two trunk); larvae have three pairs of 
appendages. 6, Cheiicerata: body has cephalothorax and abdomen; 

cephalothorax has acron plus 7 segments and six paired appendages; 
abdomen probably has 12 segments plus caudai spine; deutocerebrum 
lost, brain of two parts; first head segment appendages lost, second 
segment has chelicerae; gonopores on abdominal segment 2. 
7, Mandibulata: head has acron and probably six segments, five pairs of 
appendages (antennae 1 and 2, mandibles, maxillae 1 and 2); head 
segment 1 has antenna; head segment 3 has mandibles; three-part 
brain; ommatidium with crystalline cone, cornea; molting controlled by 
gland (Y-organ or prothoracic gland). 8, Crustacea: head segment 2 has 
antennae, head has five pairs of appendages; naupliar eye derived from 
four median ocelli; original six pairs of saccate nephridia reduced to 
two pairs (in segments 2 and 5); appendages biramous. 9, Tracheata: 
head segment 2 and appendages lost, head has four pairs of 
appendages (antennae, mandibles, maxillae, labia); mandible without 
palp (endopod); tracheae with paired segmental spiracles; Malpighian 
tubules; nephridia reduced to two pairs (in segments 4 and 5) or lost; 
appendages uniramous. (Based on Nielsen, C. 2001. Animal Evolution, 

Interrelationships of the Living Phyla. 2nd Edition. Oxford Univ. Press. 563 

pp.; Ax, P. 2000. Multicellular Animals: The Phylogenetic System of the 

Metazoa. Vol. II. Springer, Berlin. 396 pp.; Paulus, H. 1996a. Arthropoda. In 

Westheide, W., and. Rieger, R. M. (Eds.): Spezielle. Zoologie I. Einzeller und 

Wirbellose Tiere. Gustav Fischer Verlag, Stuttgart, pp. 411-419.) 

living arthropods the entire interior of the body is the connec- 

tive-tissue compartment and its spaces are the hemocoel. The 

embryonic development of onychophorans recapitulates this 

transition. Adult onychophorans have an extensive connective- 

tissue compartment and hemocoel similar to those of arthro- 

pods. The coelom is represented by small spaces associated with 

the gonads and excretory organs, as it is in arthropods. The 

early developmental stages of onychophorans, however, include 

paired, segmental mesodermal blocks with well-developed 

coelomic spaces and a small connective-tissue compartment. 

During development, the coelomic spaces diminish and the 

connective-tissue compartment (hemocoel) enlarges. 

Especially troublesome at the moment is the evolutionary 

relationship between the arthropods and the remaining proto- 

stomes, specifically the annelids and cycloneuralians, and at 

present no definitive statement regarding this relationship is 

possible. Morphologically and traditionally, annelids and 

arthropods have been grouped together in a protostome 

taxon known as Articulata. Nucleotide sequence analysis does 

not support the monophyly of Articulata, however, and recent 

reinterpretation of their presumed morphological similarities 

suggests they may be convergences and thus not indicative of 

a genetic relationship. In this hypothesis, older reports of 

spiral cleavage in some arthropods are seen as misinterpreta- 

tions, and arthropods thus are not spiralians related to 

annelids and molluscs. 

Most modern molecular studies, primarily the analysis of 

nucleotide sequences in 18S rDNA, indicate a close relation- 

ship between the panarthropods and Nematoda, Nematomor- 

pha, Gastrotricha, Kinorhyncha, Priapulida, and Loricifera. 

These taxa are combined in a new protostome taxon, Ecdyso- 

zoa, most of which undergo ecdysis. Recent simultaneous 
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consideration of both morphology and 18S rDNA gene 

sequences support the validity of the Ecdysozoa as a mono- 

phyletic taxon of molting animals. Annelida, Mollusca, Sipun- 

cula, and Lophophorata belong to the sister protostome 

group Lophotrochozoa, the members of which are spiralians. 

The Ecdysozoa hypothesis is not universally supported by 

molecular analyses, however. For example, a recent study of 

nuclear protein alignments revealed arthropods to be closer 

to vertebrates than to nematodes. 
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rthropods make their first appearance in the fossil record 

during the Cambrian period, along with most other modern 

invertebrate phyla. The earliest, best known, most common, 

and most abundant fossil arthropods were the Trilobitomor- 

pha, or trilobites, whose closest living relatives are probably the 

chelicerates. Trilobitomorpha is monophyletic and has the 

body plan — including an exoskeleton, segmentation, paired 

segmental appendages, and compound eyes—expected of early 

arthropods (Fig. 17-1 A). Trilobites were abundant and widely 

distributed in Paleozoic seas from the Lower Cambrian through 

the Permian, but are now extinct. They appeared suddenly 

early in the Cambrian period and reached the height of their 

distribution and abundance during the Cambrian and Ordovi- 

cian periods, beginning about 540 mya (million years ago). 

Trilobites persisted for 300 million years until they disappeared 

at the end of the Permian, about 260 mya. Their fossils are 

so common and widespread and their species so characteristic 

of specific places and times that they are used by geologists as 

index fossils to identify and associate strata of sedimentary rocks 

in widely disparate localities and to arrange these strata in their 

proper geological sequence. 

FORM  
Most trilobites ranged from 3 to 10 cm in length, although 

some planktonic species were only 0.5 mm and the largest, 

Isotelus, was 70 cm. The trilobite exoskeleton differs from that 

of other arthropods in being primarily mineral — a form of 

calcium carbonate known as calcite—rather than organic, 

and this probably accounted for their great success. 

The exoskeleton consists of a thick, heavily calcified dorsal 

shield (Fig. 17-1 A) and a thin, uncalcified ventral membrane 

(Fig. 17-2A) covering the dorsal and ventral surfaces respec- 

tively. Around the margins, the thick dorsal shield rolls over 

the edge to join the thin ventral membrane. The resulting 

doubly heavy border is the doublure (Fig. 17-3, 17-5C). The 

calcified dorsal shield fossilized readily, but the soft, uncal- 

cified ventral membrane and delicate appendages were rarely 

preserved. Most of our knowledge of trilobites is based on 

dorsal shields, but recent studies using new techniques have 

greatly increased our knowledge of the ventral membrane, 

appendages, and even internal organs. 

The typical trilobite body is dorsoventrally flattened (Fig. 

17-2A), especially laterally, and oval in outline (Fig. 17-1 A). It is 
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FIGURE 17-1 The ptychopariid trilobite Triarthrus eatoni. A, The dorsal shield in dorsal view. The facial suture 

is gonatoparian. B, Ventral view. (From Cisne,J. L. 1975. Anatomy of Triarthrus and the relationships of the Trilobita. 

Fossils and Strata 4:95-63 (Figs. 1 and 2), reproduced from Fossils and Strata www.tandf.no/fossils by permission of Taylor 

and Francis AS.) 
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FIGURE 17-2 A, Cross section through the thorax of 

Triarthrus eatoni. B, Transparent reconstruction of the 

cephalon of Phacops. The schizochroal eyes have widely 

separated facets. (A, Redrawn and modified from Muller, K. J., 

and Walossek, D. 1987. Morphology, ontogeny, and life habit 

o/Agnosthus pisiformis from Upper Cambrian of Sweden. Foss. 

Strata 19:1-124, after Cisne, J. L. 1975. Anatomy of Triarthus 

and the relationships of the Trilobita. Foss. Strata 4:45-63; B, From 

Stiirmer, W, and Bergstrom, J. 1973. Neiu discoveries on trilobites by 

X-rays. Palaont. 2. 47:104-141.) 

divided transversely into three tagmata consisting of an anterior 

cephalon (head), a middle thorax, and a posterior pygidium. 

Together, the thorax and pygidium are the trunk. In addition, 

a pair of parallel, longitudinal grooves, the axial furrows, divides 

the body into three side-by-side longitudinal lobes. The axial fur- 

rows create a raised median axial lobe, or axis, flanked on each 

side by a lateral pleural lobe (Fig. 17-1 A, 17-2A). The name trilo- 

bite refers to the three lobes. 

The cephalon is composed of four fused segments bearing 

four pairs of appendages. Dorsally, it is divided into regions 

consisting of the central, raised glabella and two lateral, flatter 

genae (cheeks), one on each side of the glabella (Fig. 17-1 A). 

The glabella is the anterior extension of the axial lobe onto 

the cephalon. The original segmentation of the cephalon 

is indistinct, but in some trilobites the glabella is partially 

divided into lateral lobes by glabellar furrows (Fig. 17-1 A). In 

most trilobite fossils the gena bears an eye lobe that holds 

a compound eye, although some were blind. The posterior 

corners of the gena often have genal spines (Fig. 17-7A,E,G) 

and the glabella may also carry spines. Trilobite spines were 

hollow with soft tissue inside. 

Where adjacent sclerites abut each other, a narrow line, or 

cephalic suture, can be seen on both surfaces of the cephalon. 

These served trilobites as ecdysial lines along which the 

exoskeleton separated during ecdysis to permit the exit of 

the next instar. They serve taxonomists as important charac- 

teristics for classifying and identifying evolutionary lines of 

trilobites. Among the many cephalic sutures, the facial sutures 
are most important for classification (Fig. 17-1 A). Each extends 

more or less longitudinally along the dorsal cephalon, cross- 

ing the eye lobe to divide the gena into lateral and medial 

regions. Paleontologists recognize three types of facial sutures 

based on where the posterior end intersects the margin of the 

gena. Proparian sutures intersect the border laterally (Fig. 

17-7F), gonatoparian sutures intersect at the posterior lateral 

angle of the gena (Fig. 17-1 A), and opisthoparian sutures, 

which are the most common, intersect on the posterior border 

(Fig. 17-7A,C,D,G). 

The segmentation of the cephalon is not obvious dorsally 

(Fig. 17-1 A), but ventrally the segments are clearly evident 

(Fig. 17-1B). The posteriorly directed mouth is located 

ventrally in the middle of the cephalon, just behind and 

beneath a movable, liplike sclerite called the hypostome 

(Fig. 17-1B). The hypostome covers the ventral surface of 

the central region of the cephalon, the part corresponding 

to the dorsal glabella. The brain and stomach lie between 

the glabella and the hypostome and are protected by them 

(Fig. 17-2B). 

Trilobite compound eyes are unique, having mineral 

lenses of calcium carbonate rather than the organic cuticle 

characteristic of all other arthropod eyes. The lens of each 

ommatidium is a single transparent, calcite crystal that selec- 

tively transmits light from a preferred angle along its length 

to strike the photoreceptors at its base. Species inhabiting 
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shallow seas with abundant light had well-developed eyes, 

whereas those from deeper water had reduced eyes or were 

blind. The number of ommatidia varies from one to many 

thousand. Based on what we deduce from the fossilized lenses 

and their optical properties, trilobite eyes were as 

sophisticated and effective as those of any modern arthropod. 

Trilobite eyes can be holochroal, with numerous small, hexa- 

gonal, closely packed lenses, or schizochroal, with a few large, 

spherical, widely spaced lenses (Fig. 17-2B). The holochroal 

eye is covered by a common calcitic cornea that is lacking in 

the schizochroal eye. Most trilobite eyes are holochroal. 

The thorax consists of from 2 to 61 (but usually 6 to 15) 

independent, articulated segments, each consisting of a 

median axial ring from which extend two lateral pleurites 

(Fig. 17-1 A, 17-2A). The combined pleura of successive seg- 

ments make up the pleural lobes and, similarly, the combined 

axial rings constitute the axial lobe. In many species the 

pleura bear pleural spines (Fig. 17-7C) that may be quite 

large. Each segment has a pair of appendages on the ventral 

surface (Fig. 17-1B). 

Successive segments articulate with each other via flexible 

articular membranes that permit the body varying degrees of 

ventroflexion. The thorax is the only flexible part of the body, 

with the cephalon and pygidium being rigid. Many trilobites 

could enroll into a ball (Fig. 17-5A). Two well-known species, 

Triarthrus eatoni (Fig. 17-1) and Agnostus pisiformis (Fig. 17-5A), 

were both capable of complete enrollment. The specific epi- 

thet "pisiformis” means pea-shaped, in reference to its enrolled 

shape. Among modern arthropods, enrollment is seen in 

some terrestrial isopod crustaceans (pill bugs) and millipedes 

(pill millipedes). 

Although the pygidium bears segmental appendages simi- 

lar to those of the thorax, its segments are fused together 

to form a single solid unit (Fig. 17-1, 17-5C). The segments 

regardless remain clearly distinguishable. The size of the 

pygidium varies according to species and is important tax- 

onomically. Pygidial appendages resemble those of the tho- 

rax but rapidly decrease in size posteriorly. The axial and 

pleural lobes of the thorax extend uninterrupted onto the 

pygidium and the right and left pleural lobes may join poste- 

rior to the axial lobe. 

Because of their delicacy, appendages do not fossilize well, 

and until recently little has been known of their morphology. 

Worldwide, there are only about 20 sites where trilobites with 

appendages can be found. The appendages of several species 

from these sites, including Agnostus, Olenoides, Phacops, and 

Triarthrus, are now well known as a result of X-radiography, 
new acid etching techniques, and the discovery of silicified 
and pyretized fossils. Occasionally, sulfur bacteria in anoxic 

environments deposited iron pyrite on a dead trilobite, 

resulting in preservation of the details of their soft parts and 

appendages. Pyretized fossils are especially amenable to X-ray 

studies. Fossils that have been silicified by the replacement of 

the original calcite exoskeleton with silica can be studied 

by removing the surrounding calcareous matrix with weak 

acetic acid. 

Trilobite appendages are attached to the ventral membrane 
and consist of an anterior pair of antennae followed by a series 

of paired segmental appendages extending the length of the 

body, from the cephalon to the end of the pygidium. With the 

exception of the antennae, trilobite appendages are more or 

less homonomous and show little regional specialization (Fig. 

17-1B), although the first two appendages behind the antennae 

tend to differ somewhat from the others. 

The uniramous antennae of the first cephalic segment 

attach beside the hypostome and are usually long, multiarticu- 

late, and filiform. Although it cannot be confirmed, the anten- 

nae are assumed to have been chemo- and mechanosensory 

in most species. Each postantennal appendage is biramous, 

consisting of a proximal coxa and two rami. The coxa attaches 

to the ventral membrane and bears a lateral exopod and 

a medial endopod. The endopod typically consists of six cylin- 

drical articles and a distal claw (Fig. 17-2A, 17-3) and, since it 

is leglike, it is presumed to have been used for walking by most 

species. The shape of the exopod varies considerably with 

taxon but often bears closely spaced filaments or flattened 

spines forming a feather- or leaflike ramus (Fig. 17-2A). This 

ramus usually is short and carried under the pleural lobe, 

but in Triarthrus it is much longer. In Agnostus it has large, 

club-shaped lobes (Fig. 17-3). The endopod may have been 

used for swimming, gas exchange, generating feeding or respi- 

ratory currents, manipulating food, digging, or filtering, or 

perhaps as a substratum for chemosynthetic bacteria. 

The medial borders of the coxae bear teeth or spines and 

form a gnathobase (Fig. 17-2A, 17-3). Gnathobases of the two 

opposing rows of coxae face each other across the ventral mid- 

line to form the food groove (Fig. 17-1B, 17-2A). When feed- 

ing, movements of the rami moved food particles into the 

food groove. The accompanying movements of the coxae 

caused the setae or teeth of the gnathobases to move against 

each other and simultaneously break up the food and push it 

anteriorly in the food groove until it eventually arrived at the 

mouth. The mouth faces posteriorly to open at the anterior 

end of the food groove (Fig. 17-1B, 17-3, 17-5B, 19-4), where it 

received food moving anteriorly in the groove. 

Two types of postantennal appendages are found, and the 

difference between them is more pronounced in some trilo- 

bites. The second and third cephalic appendages are similar 

to each other, whereas all the remaining posterior appendages, 

including the fourth cephalic, resemble each other. This 

dichotomy is slight in Triarthrus (Fig. 17-1B), but more pro- 

nounced in Agnostus (Fig. 17-3). In the latter, cephalic 

appendages 2 and 3 have large exopods and vestigial or small 

endopods, whereas the remaining appendages have large 

endopods and small exopods. The first, three appendages — 

the uniramous antennae and biramous second and third 

cephalic limbs—are similar to the crustacean naupliar append- 

ages consisting of uniramous first antennae, biramous second 

antennae, and biramous mandibles, suggesting homology of 

these appendages. 

Gas exchange in trilobites is poorly understood. Small 

species probably had no special respiratory surfaces and used 

any permeable area of the exoskeleton, most likely the thin- 

walled, uncalcified ventral membrane. Larger species may 

have augmented this surface, perhaps by using the elaborated 

filamentous exopod of the appendages (Fig. 17-2A). Agnostus 

had clublike extensions of the endopod, thought to have had 

a soft, permeable cuticle for gas exchange (Fig. 17-3). 

The little we know of internal anatomy is based on X-ray 

studies of pyretized specimens. The gut is J-shaped, with 
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FIGURE 17-3 Ventral view of a late 

instar meraspis larva of Agnostus 

pisiformis. The cephalon and trunk are 

drawn disconnected at their articulation. 

The endopod of the left fourth cephalic 

appendage and the endopod and a club 

of the right first trunk appendage have 

been removed to reveal the underlying 

structures. The gut is severed in the 

thoracic region. See Figure 17-5 for 

explanations of abbreviations. (From 

Muller, K.J., and Walossek, D. 1987. 

Morphology, ontogeny, and life habit of 

Agnostus pisiformis from the Upper Cambrian 

of Sweden. Foss. Strata 10:1-124 (Fig. 4), 

reproduced from Fossils and Strata 

www. tandf. no/fossils by permission of Taylor 

and Francis AS) 

a stomach or crop in the cephalon between the hypostome 

and glabella (Fig. 17-2B). The gut extends posteriorly in the 

axial lobe to the anus on the ventral midline of the pygidium. 

The cephalon also contains branching structures extending 

into the genae that probably are digestive ceca. Presumably, 

there is a hemocoel and nervous system in the axial lobe and 

a brain in the cephalon. 

DEVELOPMENT  

Almost nothing is known of reproduction by trilobites, 

although they are presumed to have been gonochoric. Sexual 

dimorphism is nonexistent, there are no discernable genitalia, 

and the sexes are indistinguishable. Fertilization was probably 

external, with the male fertilizing eggs released by the female, 

as is done today by the horseshoe crab Limulus. Some females 

may have brooded their eggs. Trilobite development included 

three larval and one adult stages, with each larval, and perhaps 

the adult, stage consisting of several instars separated by molts. 

Additional segments and appendages were added with each 

molt. The earliest larva was the small ( = 1 mm) protaspis larva, 

which lacked appendages (Fig. 17-4A). Its dorsal shield con- 

sisted of a single plate with no division into tagmata. The pro- 

taspis was sometimes the hatching stage, but in some species it 

was suppressed in the egg and a later stage hatched. It probably 

was planktonic in most species and the chief dispersal stage in 

the life cycle. The protaspis was followed by a series of meraspis 

larvae, in which an articulation appeared between the cephalon 
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FIGURE 17-4 Four larval instars of a generalized trilobite. A, A 
protaspis. The dorsal shield is undivided. B, First instar meraspis with no 
thoracic segments. The dorsal shield is divided by a single articulation 
into an anterior cephalon and posterior trunk. C, An older meraspis 
after two thoracic segments have been added. D, A holaspis larva with 
a completed thorax of seven segments and a growing pygidium of four 
segments. Additional molts in the holaspis stage will complete the 
pygidium and increase the overall size. 

and the trunk (Fig. 17-4B). Successive molts within the meraspis 

series added appendages to the trunk, and the thoracic seg- 

ments gradually separated from the pygidium one at a time 

(Fig. 17-4C). The juvenile became a holaspis larva (Fig. 17-4D) 

when it achieved the adult complement of thoracic segments 

but lacked a complete pygidium. During the holaspis period 

pygidial segments and appendages were added and the animal 

increased in size with each molt. Larval development ended 

and the adult stage was reached when adult size and the adult 

complement of pygidial segments were achieved. 

Immediately following ecdysis, the new exoskeleton was 

thin-walled and unmineralized. The exuvium retained most or 

all of the calcite, which was thus lost to the organism and had 

to be replaced slowly. Trilobites apparently did not resorb 

valuable materials from the exoskeleton prior to molting, 

and until its exoskeleton was remineralized the trilobite was 

vulnerable. 

Adult trilobites are sometimes found with other animals, 

often brachiopods, attached to their dorsal shields, implying 

that adults did not molt or molted so infrequently that epizoic 

organisms had time to settle and grow. 

ECOLOGY  
Trilobites were exclusively marine, with no freshwater or 

terrestrial representatives, and most lived in relatively shal- 

low coastal habitats. Differences in size, shape, spination, 

appendage morphology, cephalon and pygidial morphology, 

and eye size and position indicate that trilobites exploited a 

diversity of habitats. Most were presumably epibenthic ani- 

mals that crawled over the sediment using endopods adapted 

for walking. Some, however, appear to have been adapted for 

planktonic, infaunal, and pelagic lives, and some lived in 

deeper water. 

Although most trilobites fed on organic particles, living or 

dead, collected in the ventral food groove as described earlier, 

some were predators. Others such as Trinucleus may have been 

filter feeders that used a concavity under their expanded 

cephalon as a filter chamber. Some trilobites may have culti- 

vated chemoautotrophic bacteria, as do many modern clams 

and the famous vestimentiferan tube worms of deep-sea 

hydrothermal vents. Trilobites such as Triarthrus and its relatives 

lived on the interface between hypoxic water and anoxic sedi- 

ments rich in sulfides. In this depauperate habitat, Triarthrus 

may have maintained populations of sulfur-metabolizing bacte- 

ria on the body and exopod surfaces. The chemosynthetic 

bacteria would have oxidized the sulfides and used the liberated 

energy to reduce carbon and build organic compounds that 

then would be shared with the trilobite. It has been suggested 

that this is why Triarthrus exopods were so much larger than 

usual. 

Trilobites may have been the prey of other Paleozoic 

arthropods such as Anomalocaris and of cephalopods and 

fishes. (Anomalocaris, which was probably an arthropod, was a 

giant Cambrian predator and, at 50 cm, one of the largest 

Cambrian animals.) Predation pressure probably increased as 

the Paleozoic advanced and new predators, including the 

jawed fishes, appeared and became larger and more abun- 

dant. The thickness of the calcified exoskeleton increased 

through the Paleozoic, perhaps in response to increased pre- 

dation pressure. Spines also provided protection, and some 

trilobites may have relied on a coating of epizoic organisms 

for camouflage. Enrolling and burrowing were additional 

strategies for escaping predation. 

Recent advances in our knowledge of trilobite limbs and the 

ventral membrane of a few species have encouraged speculation 

about ecology and natural history. Although it was not a typical 

trilobite, we know more about the anatomy of Agnostus pisiformis 



Ecology 549 

than any other species, and our knowledge is sufficient to allow 

meaningful speculation about its biology'. 

These small animals reached lengths of up to 6 mm (fully 

extended) and were similar to the agnostid shown in Figure 

17-7B. Adults consisted of a large cephalon and pygidium 

connected by a short thorax of only two segments, with the 

major articulation between the cephalon and first thoracic 

segment. They were capable of complete enrollment to form 

a closed, clamlike ball of up to 3 mm in length. If we pursue 

the clam analogy, the cephalon would be one valve, the 

pygidium the other, and the thorax the hinge. The valves 

would be anterior and posterior, of course, rather than right 

and left as in a real clam, but the analogy is nevertheless use- 

ful. The cephalon and pygidium (the valves) are semicircular 

and similar to each other in size and shape (Fig. 17-3), so 

their rims (doublures) fit tightly together when enrolled 

(Fig. 17-5A). Both are concave ventrally and, when closed, 

formed a capsule containing all the appendages and the 

large hypostome. In its presumed life position (the typical 

posture and orientation of the animal in life), Agnostus prob- 

ably was partly enrolled, with the valves gaping to expose the 

appendages (Fig. 17-5B). It seems unlikely that Agnostus 

could swim, feed, or walk in the fully extended position (Fig. 

17-5C) and, of course, it certainly could not do so when fully 

enrolled. 

The appendages consist of the four pairs of cephalic limbs, 

including the antennae and three pairs of postantennal legs, 

and five pairs of trunk limbs, two on the thorax and three on 

FIGURE 17-5 Enrollment positions of the agnostid trilobite Agnostus pisiformis. A, Fully enrolled with all 

appendages protected. B, Partly enrolled in the most likely life position. C, Fully extended. Anterior is to the 

left. Abbreviations for 17-3, 17-5, and 17-6: am, articulating membrane; an, anus; atl, antenna; cl, cephalic limb; 

cox, coxa; cs, cephalon; en, endopod; ex, exopod; fo, articulation between cephalon and thorax; g, gut; hy, 

hypostome; il, ventral membrane; m, mouth; ps, pygidium; s, seta; st, sternite; t, thorax; tg, tergite; tl, trunk limb. 

Note the posteriorly directed mouth (unlabeled) on the hypostome. (Allfrom Muller, K. J., and Walossek, D. 1987. 

Morphology, ontogeny, and life habit of Agnostus pisiformis from the Upper Cambrian of Sweden. Foss. Strata 10:1-124 

[Fig. 25], reproduced from Fossils and Strata wwxu.tandf.no/fossils by permission of Taylor and Francis AS.) 
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the pygidium. All appendages except the antennae are 

biramous. The rami bear a variety of setae, spines, and the 

enigmatic clubs. The antennae are short and thick, lacking the 

filiform morphology of trilobites such as Triarthrus, and proba- 

bly were not sensory. The endopod of the second cephalic limb 

is vestigial, but its exopod is strong (Fig. 17-3). The coxae of 

all appendages except the antennae have heavy medial spines 

and are gnathobases facing each other across a longitudinal 

median food groove. In the life position, the appendages all 

extended anteriorly toward the gape (Fig. 17-5B). 

The exopods of the second and third cephalic appendages 

have long, presumably natatory setae (Fig. 17-3) and resemble 

the swimming appendages of some crustaceans. Agnostus 

appendages do not appear to be adapted for walking (Fig. 

17-5C). These observations imply that, in the partly enrolled 

configuration, Agnostus was capable of swimming. It could 

have been an epibenthic animal, perhaps occupying the layer 

of flocculent organic matter on the seafloor and making peri- 

odic forays into the water, or it may have been planktonic, 

spending most or all of its time in the water column. It has 

been suggested that it was an epibenthic pebble mimic. Other 

authors have proposed an association with attached or floating 

seaweeds. 

Agnostus probably fed in the partly enrolled position. The 

appendages are not suitable for filter feeding because there are 

no filter screens or sucking chambers such as those associated 

with filter-feeding crustaceans (Fig. 19-12). On the other hand, 

the antennae do seem to be adapted for grasping food items in 

front of the gape and transferring them to the endopods of the 

posterior trunk limbs (Fig. 17-6). From there the food would 

FIGURE 17-6 Diagrammatic representation of the partly enrolled 

ventral surface of Agnostus showing the probable food path. 

1 = antennal movement, 2 = food current toward coxae, 3 = food 

movement toward mouth driven by metachronal movements of limbs, 
4 = forward movements of coxae, 5 = exit of feces. Abbreviations as 

in Figure 17-5. (From Muller, K.J., and Walossek, D. 1987. Morphology, 

ontogeny, and life habit of Agnostus pisiformis from the Upper Cambrian of 

Sweden. Foss. Strata 10:1-124 [Fig. 25], reproduced from Fossils and Strata 

www. tandf. no/fossils by permission of Taylor and Francis AS.) 

have moved to the coxae. Rhythmic beating of the limbs caused 

the coxae to push, the food anteriorly in the food groove toward 

the hypostome. The mouth, which may have been suctorial, is 

located on the posterior surface of the hypostome and thus faces 

posteriorly, ready to receive food moving anteriorly from the 

coxae. The gut has the J shape typical of arthropods known to 

feed in this manner (Fig. 17-5B) and the anus is located on the 

ventral membrane of the pygidium (Fig. 17-6). 

If Agnostus was planktonic, then feeding was probably com- 

bined with the swimming movements of the appendages. If it 

was epibenthic, it probably rested with its pygidial “valve” on 

the substratum, with the “valves” gaping, and used rhythmic 

movements of the appendages to move food particles to the 

mouth and generate a respiratory current. 

No obviously respiratory limbs are present in Agnostus, and 

it may be that, because of its small size, no special respiratory 

surfaces other than the ventral membrane were necessary. The 

endopods of the trunk and posterior cephalic appendages, 

however, bear unique, thin-walled, club-shaped processes (Fig. 

17-3) that may have been respiratory. The clubs would have 

been ventilated by movements of the appendages. 

The dorsal shield is penetrated by numerous tiny pores 2 to 

3 pm in diameter, presumed to be sensory. Reproductive biology 

is unknown, but the hatching stage was a meraspis followed by 

six more meraspis and at least one holaspis instar. 

DIVERSITY OF TRILOBITOMORPHA 
There is great morphological diversity among the 4000 known 

species (Fig. 17-7), which are assigned to eight higher taxa 

(orders). Trilobites inhabited the oceans from the Lower Cam- 

brian through the Ordovician, Silurian, and Devonian periods 

to the Permian. During the Paleozoic era, 540 to 225 mya, they 

were dominant or at least important members of most marine 

communities. The Paleozoic ended with the Permian about 

225 mya, accompanied by the mass extinction of 50% of all 

animal families and 95% of ail marine species, including the 

trilobites, rugose corals, eurypterids, blastoids, and ammonoids 

along with most brachiopods and crinoids. Trilobites had been 

declining steadily long before their final extinction and only 

one order was present in the Carboniferous and Permian. Their 

heyday was in the Cambrian and Ordovician. 

Red!ichiida° (Fig. 17-7A; Cambrian): The most primitive 

known trilobites; ancestral to the other trilobites. Large, 

semicircular cephalon, strong genal spines, opisthoparian 

sutures. Glabella conspicuously segmented by deep glabel- 

lar furrows. Thorax well developed, with many segments. 

Eyes large. Pygidium small or vestigial. Appeared in Lower 

Cambrian, extinct by Middle Cambrian, having been 

replaced by their descendants. Olenellus, Olenoides, Paradox- 

ides, Redlichia. 

Agnostida0 (Fig. 17-7B; Cambrian-Ordovician): Primitive. 

Very small, < 8 mm long. Cephalon and pygidium large, 

similar in size and shape. Two or three thoracic seg- 

ments. Usually blind. No facial sutures. May have been 

planktonic. Probably diverged early in the Cambrian from 

primitive redlichiid ancestors. Agnostus, Eodiscus, Pagetia. 
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FIGURE 17-7 Representatives of the trilobite taxa (orders). A, Redlichiida, Redlichia. Bf Agnostida, Pagetia. 

C, Corynexochida, Polypleuraspis. D, Ptychopariida, Tricrepicephalus. E, Asaphida, Trinucleus. F, Phacopida, 
Staurocephalus. G, Proetida, Phaetonellus. H, Lichida, Terataspis. (Allfrom Harrington, H.J., etal., 1959. Treatise on 

Invertebrate Paleontology. Geological Society of America, New York, and University of Kansas Press, Lawrence, with permission 

of the Geological Society of America.) 

Corynexochida0 (Fig. 17-7C; Cambrian-Devonian): Long 

glabella with parallel sides, sometimes flared anteriorly. 

Hypostome and rostrum (median region of doublure 

adjacent to hypostome) fused. Opisthoparian facial suture. 

Thorax of 5 to 11 segments. Pygidium medium to large. 

Genal spines present in many. Thorax often, pygidium 

sometimes spiny. Arose from redlichiid ancestors in late 

Cambrian. Illaenus, Olenoides, Polypleuraspis. 

Ptychopariida0 (Fig. 17-7D; Cambrian-Devonian): Large 

taxon with several well-known genera. Facial suture usually 

opisthoparian. Glabella simple, tapering anteriorly. Num- 

ber of thoracic segments variable. Pygidium small in early 

species but generally large in derived species. Arose from 

redlichiid ancestors in Middle Cambrian. Probably ances- 

tral to several orders that persisted after the Cambrian. 

Elrathia, Olenus, Shumardia, Triarthrus, Tricrepicephalus. 

Asaphida0 (Fig. 17-7E; Cambrian-Silurian): Recently estab- 

lished taxon related to Ptychopariida. Most had median 

ventral suture. Swollen, globular protaspis larva. Arose from 

ptychopariid ancestors in Middle Cambrian. An important 

taxon until the end of the Ordovician. A few persisted 

through Silurian. Asaphus, Cyclopyge, Isotelus, Ogygiocarella, 

Trinucleus. 

Phacopida0 (Fig. 17-7F; Ordovician-Devonian): Large taxon. 

Glabella often widened anteriorly. Facial suture proparian 

or gonatoparian, but sutures are fused and did not sepa- 

rate during ecdysis. Thorax of 8 to 19 segments. Medium 

to large semicircular pygidium. Probably evolved from 

asaphid or ptychopariid ancestors in Lower Ordovician. 

Phacopinas() are the only trilobites with schizochroal eyes. 

Calymene, Ceraurinella, Ceraurus, Eldredgeops (formerly Phacops), 

Staurocephalus. 
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Proetida0 (Fig. 17-7G; Ordovician-Permian): Most have 

strong genal spines, large glabellae, opisthoparian sutures, 

8 to 10 thoracic segments. Pygidium medium-sized. The 

only taxon surviving the Devonian extinctions to persist 

into the Carboniferous and Permian. Arose from Upper 

Cambrian ptychopariid ancestors. Bathyurus, Ditomopyge, 

Phaetonellus, Proetus. 

Lichida0 (Fig. 17-7H; Cambrian-Devonian): Pygidium larger 

than cephalon. Usually spiny or tuberculate. Medium to very 

large. Glabella prominent, with large lobes. Sutures opistho- 

parian. Thorax has 8 to 11 segments. Pygidium variable. 

Evolved from Middle Cambrian redlichiid ancestors. Dicra- 

nurus, Lichas, Odontopleura, Terataspis. 

PHYLOGENY OF 
TRILOBITOMORPHA  

Trilobites appeared in the fossil record as fully formed and 

highly specialized derived arthropods in the Lower Cambrian, 

about 540 mya. The earliest known trilobites had calcified 

exoskeletons and presumably were preceded by uncalcified 

species that left no record. These, in turn, must have had arthro- 

pod ancestors in the Precambrian, and before that there must 

have been the soft-bodied ancestors of the arthropods. These 

precursors left no record, at least none that has been discovered. 

Perhaps the protoarthropods were small and had uncalcified 

exoskeletons that, like those of copepods and cladocerans with 

similar cuticles, do not fossilize. The major animal taxa are 

thought to have diverged about 650 to 1000 mya, well back in 

the Precambrian, but there is little record of it. By the Cambrian 

the major animal taxa (phyla) were established and there were 

already many kinds of arthropods, including trilobites. The Mid- 

dle Cambrian Burgess Shale in British Columbia, the Chinese 

Chengjiang deposits, and a few other famous fossil beds contain 

diverse faunae of ancient arthropods that arose during the 

so-called Cambrian Explosion beginning about 545 mya. 

The Burgess Shale, discovered by Charles Walcott in 

1909 and made famous outside of paleontological circles by 

Stephen Jay Gould in 1989, contains a remarkable record of 

Cambrian invertebrates, including 19 species of arthropods, 

only 3 of which are trilobites. One of the nontrilobites is a che- 

licerate and 2 are crustaceans, but the remaining 13 Burgess 

arthropods belong to no known arthropod taxon, either 

extant or extinct (Fig. 17-8). Unlike most modern arthropods, 

these Cambrian species were homonomous and exhibited 

little regional specialization of their segments or appendages. 

They had multisegmented trunks, with each trunk segment 

bearing a pair of appendages like those of all the other 

trunk segments. Cladistic analysis of these early arthropods 

reveals the trilobites as being among the most derived, and 

not primitive at all. 

Although undoubtedly related to crustaceans, trilobites are 

probably closest to the chelicerates. Similarities between the 

appendages of trilobites and those of xiphosurans and 

eurypterids support this relationship. Trilobites and chelicer- 

ates probably form the taxon Arachnata, which is the sister 

taxon of Mandibulata (Crustacea plus Tracheata). Among the 

arachnatans, the trilobites retained the antennae, which were 

lost in the chelicerates. In ventral view the similarity between 

Agnostus and a horseshoe crab is striking (Fig. 17-3, 18-1), and 

horseshoe crabs are probably the closest living relatives of 

trilobites. 

The trilobites and the extant arthropod taxa are believed 

to have had a common ancestor in the Precambrian, but 

100 million years of arthropod evolution probably preceded 

the appearance of the trilobites in the rocks of the Lower 

Cambrian. During the Cambrian, Axthropoda underwent the 

adaptive radiation that produced the many different designs of 

larger, calcified, and fossilizable taxa preserved in the Burgess 

Shale and Chengjiang faunas. Of this extensive Cambrian 

arthropod diversity only the chelicerates, crustaceans, and 

tracheates survive today, but they dominate each of the Earth’s 

four major environments (marine, terrestrial, freshwater, and 

aerial) and account for most of its biological diversity. 

Habelia 

Marrella 

FIGURE 17-8 Reconstructions of two arthropods from the Burgess Shale that belong to no known arthropod 
taxa. (Illustrations by Marianne Collins from Wonderful Life, The Burgess Shale and the Nature of History, by Stephen J. 

Gould, are reproduced by permission ofW.W. Norton & Company, Inc. Copyright © 1989 by Stephen Jay Gould.) 
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FB 
|SI helicerata and Mandibulata are the two sister taxa of 
modern arthropods (Fig. 20-14D). Chelicerata, with about 

70,000 known living species, includes spiders, scorpions, har- 

vestmen, mites, and horseshoe crabs as well as the sea spiders 

and extinct sea scorpions. Most modern chelicerates are ter- 

restrial and form one of the two major taxa of land arthro- 

pods. The original arthropods were aquatic animals from 

which descended two distinct evolutionary lines, Chelicerata 

and Mandibulata, each of which independently produced 

highly successful terrestrial lineages. 

Chelicerata consists of the terrestrial Arachnida (spiders, 

mites, scorpions, and others), the extinct Eurypterida (sea 

scorpions), the marine Xiphosura (horseshoe crabs), and 

many fossil taxa (Fig. 18-47). Together these taxa form 

Euchelicerata. Pycnogonida (sea spiders) is probably the sister 

taxon of Euchelicerata in Chelicerata. 

FORM  
The chelicerate body is divided into two tagmata, the 

cephalothorax and abdomen. The cephalothorax, or prosoma, 

consists of the acron plus seven segments and bears six pairs of 

appendages. It forms in the embryo through fusion of the head 

(with eyes and chelicerae) and the thorax (with pedipalps and 

walking legs). The appendages of the first cephalothoracic 

segment have been lost. In other arthropods this segment bears 

antennae, but they are not present in chelicerates. Associated 

with the loss of the antennae is the absence of the deutocere- 

brum from the brain. 

The first appendages on the chelicerate cephalothorax, 

a pair of prehensile chelicerae, are on the second, rather than 

the first, cephalothoracic segment. Each chelicera consists of 

two or three articles, the distal two of which form a chela, or 

pincer. The second appendages are pedipalps modified to 

perform various, but often sensory, functions in the different 

taxa. The remaining cephalothoracic appendages are four 

pairs of walking legs. Primitively the head bears four median 

pigment-cup ocelli and two lateral compound eyes. 

The remaining trunk segments constitute the abdomen, or 

opisthosoma, consisting of 12 or fewer segments. Abdominal 

appendages, when present, are primitively platelike and have 

a respirator)' function. The abdomen of derived chelicerates 

usually has highly modified appendages on some segments or 

lacks appendages. Primitively the abdomen is divided into an 

anterior preabdomen (mesosoma) of seven segments and 

a posterior postabdomen (metasoma) with five segments and 

a terminal telson, or spike. This original pattern has been vari- 

ously modified in the many chelicerate taxa. The gonopores 

have moved anteriorly to the second abdominal segment. 

XIPHOSURAc  
Xiphosura and Arachnida, sister taxa of Euchelicerata, are rep- 

resented today by horseshoe crabs, spiders, scorpions, and their 

relatives. In contrast with that of pycnogonids, the euchelicerate 

abdomen is well developed and often segmented. The 

cephalothoracic segments are fused and covered by a continu- 

ous sclerite, the carapace. Euchelicerates have retained the 

ancestral lateral compound eyes, although they may be highly 

modified. They have lost one of the two pairs of median eyes 

and their gonopores are on the second abdominal segment. 

Horseshoe crabs (Xiphosura) are by far the largest modern 

chelicerates and, at lengths of up to 75 cm, they dwarf spiders, 

scorpions, mites, and harvestmen, although they are small in 

comparison with some extinct chelicerates. Because they 

retain many characteristics of the stem chelicerate, including 

the aquatic habitat, they are of special interest in the study of 

arthropod and chelicerate phylogeny. 

Although the fossil record of Xiphosura extends back to 

the Silurian period, the taxon is almost extinct and only three 

genera (Limulus, Tachypleus, and Carcinoscorpius), represented 

by four species, are alive today. One of these is Limulus polyphe- 

mus, which is common in shallow water along the North Amer- 

ican Atlantic coast. The three other extant xiphosurans occur 

on Asian coasts from Korea and Japan south through the 

Philippines and Indonesia. 

Horseshoe crabs live in shallow marine water on soft 

bottoms, where they plow through the upper surface of the 

sediment. The American species, Limulus polyphemus, lives on 

the continental shelf but migrates into very shallow water at 

breeding time. Mature females achieve lengths in excess of 

60 cm, but males are smaller. Horseshoe crabs are not crabs, 

of course, and are much closer phylogenetically to spiders 

than to true crabs. 

FORM 
Neither the cephalothorax nor the abdomen is obviously 

segmented, and each is enclosed in a single unbroken, rigid, 

exoskeletal box (Fig. 18-1). The two tagmata are joined by 

a movable, hingelike articulation and both bear appendages 

on the ventral surface. A long, spikelike tail spine extends 

from the posterior end of the abdomen. 

The cephalothorax is shaped like a horse’s hoof (Fig. 18-1), 

hence the name horseshoe crab. Its dorsal exoskeleton is the 

carapace, whose anterior edge resembles a bulldozer blade 

and, appropriately, is used to plow through soft sediments. 

The carapace bears a pair of small ocelli on its anterior 

midline and a pair of larger lateral compound eyes (Fig. 18-1). 

Ventrally the cephalothorax is strongly concave and bears six 

pairs of appendages and the mouth. 

The first appendages are the chelate chelicerae com- 

posed of three articles (Fig. 18-1). The next four appendages 

are unspecialized, uniramous walking legs with similar mor- 

phology. Each is composed of six articles (coxa, trochanter, 

femur, patella, tibia, and tarsus), of which the last two form 

a chela, or pincer. The first walking leg of males, sometimes 

called a pedipalp, is used to grasp the female prior to mating 

and is not chelate. The biramous sixth cephalothoracic 

appendages, also not chelate, are specialized for pushing 

through soft sediments. Each of these pusher legs has four 

leaflike processes attached to the end of the first tarsal seg- 

ment. The coxa of this leg bears a lateral spatulate, sensory 

exopod, the flabellum (Fig. 18-1). The leg itself is the endo- 

pod. The coxae of legs 2 through 6 each have a spiny medial 
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FIGURE 18-1 Xiphosura. A horseshoe crab, 
Limulus polyphemus, in combined ventral (left) 
and dorsal (right) views. Arrows show the 
inhalant and exhalant ventilating currents. 

gnathobase. Anteriorly the labrum, or hypostome, overhangs 

the mouth and closes the anterior end of the food groove. 

The abdomen also is unsegmented and concave ventrally. it 
fits into the recess on the posterior edge of the cephalothorax 

(Fig. 18-1). Its ventral concavity, the branchial chamber, 

houses and protects the abdominal appendages, most of 

which are book gills. The xiphosuran abdomen is formed of 

nine fused segments and, while they are not obvious, the 

external indications of the segments include the appendages, 

muscle scars, and lateral spines. The ninth segment represents 

the vestigial postabdomen, whereas segments 1 through 8 are 

the preabdomen. 

The vestigial first abdominal segment is fused with the 

cephalothorax and no longer appears to be part of the 

abdomen. The appendages of this segment are the small, 

one-articled chilaria (sing., chilarium). 

The second abdominal segment has a pair of large, dorsal 

spinous processes (Fig. 18-1) and a pair of fused appendages, 

the broad, flat genital operculum (Fig. 18-1, 18-2A, 18-3) with 

paired male or female gonopores on its posterior surface. 

These, and the other abdominal appendages, are biramous 

and have a basal protopod from which arises an endopod and 

exopod. The protopod and exopod are broad and flat, 

whereas the endopod is narrow and more leglike. 

Segments 3 through 7 each bear a pair of book gills (Fig. 
18-1, 18-2A) and a pair of large, movable lateral spines. The 

book gills, which are the appendages of these segments, are 

swimming legs that have been modified to function as respira- 

tory organs, \oung horseshoe crabs still use them for swimming, 

but adults are less likely to leave the bottom. Gills are biramous 

appendages similar to the operculum but with abundant 

pagelike lamellae on the posterior side. The lamellae are elabo- 

rations of the exopod, whereas the endopods are sensory. 

Segment 8 has lateral spines but no gills and segment 9 has 

neither spines nor gills. The long tail spine (telson) extends 

posteriorly from segment 9. The base of the tail spine is 

equipped with muscles and the spine can be pointed in many 

directions. It is used for pushing and for righting the body 

when accidentally turned upside down. The anus is a ventral 

opening in the soft integument between segment 9 and the 

tail spine. Horseshoe crabs may appear fearsome with their 

many pincers and long, sharp tail spine, but they are harmless. 

The pincers are weak and the spine is not used for defense 

(or offense). 

NUTRITION 
Xiphosurans are omnivores that feed on benthic molluscs, 

worms, and other organisms, including algae. Unlike other 

living chelicerates, the xiphosuran gut is adapted for processing 

solid food. The gnathobases of the right and left legs form 

a food groove along the ventral midline of the cephalothorax 

(Fig. 18-1, 19-4). The groove begins between the pusher legs 

and extends anteriorly to the mouth, near the middle of the 

cephalothorax. The posterior end of the food groove is closed 

by the chilaria. Because the gut is J-shaped, the mouth faces 

posteriorly, into the anterior end of the groove (Fig. 18-2A, 

18-4). When feeding, the animal uses its many chelae to capture 

and move small invertebrates to the food groove. Feeding and 

walking motions of the legs move the coxae, causing 

the gnathobases to crush and grind food items in the groove. 

The spines of the moving gnathobases push the food inexorably 
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FIGURE 18-2 Xiphosura. A, Sagittal section through Limulus. The lamellae of the book gills have been 

omitted for clarity. B, Saccate nephridia and excretory duct of the horseshoe crab, Limulus. C, Longitudinal 

section through two ommatidia of the eye of Limulus. (A, Greatly modified after Firstman; B, After Patten and Hazen 

from Fage; C, After MacNichol.) 

toward the mouth. The gnathobase of each pusher leg is 

equipped with a molar for crushing hard food items such as 

small clams and crustaceans. 

The ectodermal foregut is lined with cuticle and consists of 

the esophagus and proventriculus, the latter consisting of 

a thin-walled, distensible crop for storage and a muscular, 

toothed gizzard (Fig. 18-2A, 18-4). Food is triturated in the giz- 

zard and indigestible particles are regurgitated. A pyloric valve 

separates the gizzard from the midgut. 

The endodermal midgut includes a short anterior stomach 

and a long posterior intestine. Two pairs of large digestive ceca 

(hepatopancreases) are connected by hepatic ducts to the 

stomach (Fig. 18-2A, 18-4). Each cecum consists of countless 

tiny, branched tubules whose lumina are continuous with the 

midgut lumen. The ceca fill most of the space in the hemocoel 

of the cephalothorax and abdomen and are the sites of extra- 

cellular digestion and absorption. Although typically brown, 

xiphosuran ceca often have deposits of bright white calcium 

phosphate. Excess calcium phosphate in the blood is absorbed 

by the ceca, precipitated in the ceca lumina, and then moved 

to the lumen of the gut and voided with the feces. The midgut 

epithelium secretes a peritrophic membrane of chitin and 

mucoproteins that encloses the food mass and feces. The 

ectodermal hindgut is a short, cuticularized rectum that 

opens to the exterior via the anus. Horseshoe crab tissues are 

potentially lethal to their predators. High concentrations of 

saxotoxin have been reported from the viscera of the Asian 

Carcinoscorpius. 
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FIGURE 18-3 Xiphosura. Posterior view of the genital operculum 

of Li mu I us. 

FIGURE 18-4 Xiphosura. Dorsal view of the hemocoel and viscera 

of Limulus. 

INTERNAL TRANSPORT 
The body cavity is a hemocoel and the coelom is vestigial. The 

long, tubular heart (Fig. 18-2A) extends from the posterior end 

of the proventriculus almost to the tail spine. It lies on the mid- 

line in the dorsal hemocoel, surrounded by the pericardial sinus. 

During diastole blood enters the heart from the pericardial 

sinus through nine pairs of ostia. During systole, it leaves 

through a well-developed arterial system consisting of an aorta 

to the anterior cephalothorax and numerous pairs of lateral 

arteries. Arteries deliver blood to hemocoelic sinuses sur- 

rounding the tissues. Blood then moves ventrally in two large, 

longitudinal sinuses and from there to the book gills, where it 

is oxygenated. The same gill movements that create the venti- 

lating current also pump blood through the gill lamellae. 

From the gills, oxygenated blood returns to the pericardial 

sinus surrounding the heart. 

The blood contains the respiratory pigment hemocyanin in 

solution as well as two types of hemocytes that function in 

clotting (granulocytes) and in the production of hemocyanin 

(cyanocytes). Because of the large amount of blood that can be 

obtained from a mature horseshoe crab, they are a favorite sub- 

ject of physiologists and biochemists interested in hemocyanin 

and other blood components. 

GAS EXCHANGE 
The respiratory surfaces are the multitudes of flat, pagelike 

gill lamellae on the posterior surface of the five pairs of book 

gills located in the branchial chamber under the abdomen 

(Fig. 18-1, 18-2A). The lamellae are thin, parallel, cuticular- 

ized evaginations of the exoskeleton resembling the numerous 

pages of a book. The 80 to 200 lamellae on the exopod of 

each gill together create a permeable gas exchange surface of 

about 2 m2. The hemocoel extends into the interior of each 

lamella and gases are exchanged across the thin cuticle 

between blood and environment. 

Rhythmic movements of the gills maintain a flow of water 

through the branchial chamber to ventilate the lamellae. On 

each side an inhalant current enters the branchial chamber dor- 

sally through a gap between the cephalothorax and abdomen 

(Fig. 18-1). The current then flows posteriorly and ventrally over 

the gill lamellae to exit as an exhalant current on each side of 

the tail spine. The sensory flabellum of the pusher leg is located 

in the inhalant current, where it monitors water quality. 

EXCRETION 
As in most aquatic animals, nitrogen metabolism is ammonotelic 

and ammonia and other wastes and toxins are eliminated by dif- 

fusion across the permeable surfaces of the gill lamellae. The 

gills are also active in ion regulation, and specialized epithelia 

on the lamellae pump ions from the environment into the 

blood. For osmoregulation in brackish water, four pairs of sac- 

cate nephridia eliminate some metabolites, toxins, and spent 

hormones (Fig. 18-2B). The four brick-red saccate nephridia 

(coxal glands) on each side share a common duct, bladder, and 

nephridiopore. The nephridiopores open on the coxae of the 

fifth pair of legs. In embiyos there is a pair of saccate nephridia 

in each cephalothoracic segment, but two pairs are lost in the 

adult. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The cephalized CNS is dominated by a large brain, or supra- 

esophageal ganglion (Fig. 18-2A), dorsal to the esophagus, two 

circumesophageal connectives, and a subesophageal ganglion 

ventral to the esophagus. The brain is a syncerebrum consisting 
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of two pairs of large neuromeres. The eyes are innervated by 

the protocerebrum and the chelicerae by the second pair of 

neuromeres, traditionally considered to be homologous to the 

tritocerebrum. The subesophageal ganglion consists of the 

fused ganglia of the remaining cephalothoracic and first two 

abdominal segments. Two longitudinal nerve cords that extend 

posteriorly from the subesophageal ganglion bear five pairs of 

segmental ganglia that serve the five pairs of book gills. 

The lateral eyes are compound eyes consisting of approx- 

imately 1000 ommatidia each. The ommatidia contain retin- 

ulae consisting of 8 to 14 retinular cells grouped around a 

rhabdome (Fig. 18-2C). Each ommatidium has a corneal lens 

(or cuticular cone) to concentrate light on the rhabdome. 

Proximal and distal pigment cells surround the ommatidium. 

Horseshoe crabs probably can detect movement, but there are 

too few ommatidia to form an image. Because of the simplicity 

of these eyes, they are often used by neurophysiologists inter- 

ested in the relationship between stimulus and axonal response 

in compound eyes. 

The median eyes are pigment-cup ocelli with spherical 

cuticular lenses. There is also a rudimentary ventral eye on the 

carapaTe. Additional sensilla function as mechanoreceptors, 

chemoreceptors, or osmoreceptors. 

REPRODUCTION AND DEVELOPMENT 
Horseshoe crabs are gonochoric and have true external 

fertilization, which is unusual in arthropods. The paired 

gonads are derived from coelomic spaces. Ovaries and testes 

are composed of branching, arborescent tubes that extend 

throughout the hemocoel, intertwined with the tubules of the 

digestive ceca. A gonoduct connects each gonad to a gono- 

pore on the protopod of the genital operculum on the second 

abdominal segment. Spermatozoa are flagellated with a 9 + 2 

or 9 + 0 axoneme, depending on species. 

Mating and egg laying in Limulus take place during the 

exceptionally high spring tides of full and new moons in 

spring and summer. Males and females migrate into shallow 

water and congregate along the shores of sounds, bays, and 

estuaries. The smaller male climbs onto the abdominal 

carapace of the female and maintains its hold with the hook- 

like first pair of walking legs (pedipalps). Meanwhile, the 

female excavates a depression in the sand at the high-tide line 

and deposits 2000 to 30,000 large eggs. As many as 75,000 eggs 

may be laid in a single season. The male releases sperm onto 

the eggs after they are deposited. The pair separates and the 

eggs are covered and left in the sand. The embryos develop 

into larvae that escape from the depression into the sea when 

it is flooded by a subsequent spring high tide. 

The eggs are macrolecithal, centrolecithal, 2 to 3 mm in 

diameter, and enclosed in a thick envelope. Meroblastic 

cleavage forms a stereoblastula in which the yolk is concen- 

trated in the interior cells. A trilobite larva, so named because 

of its similarity to a trilobite, emerges from the egg (Fig. 18-5). 

This larva, approximately 1 cm long, swims and burrows in the 

sand. It resembles a miniature adult except that its tail spine is 

small and only two of the five pairs of book gills are present. 

All the other appendages are present, as are both types of eyes. 

With subsequent molts, the remaining book gills appear, the 

tail spine lengthens, and the young animal achieves the adult 

Median 
ocellus 

FIGURE 18-5 Xiphosura. Dorsal view of the trilobite larva 
of Limulus. 

form. Juvenile horseshoe crabs, which can be common on inter- 

tidal sand flats, attain a carapace width of 4 cm after one 

year. Sexual maturity is not reached for 9 to 12 years, and the 

life span may be 19 years. 

ARACHNIDAc  
Almost all recent chelicerates are arachnids, of which there 

are about 70,000 described species and an estimated million 

or more awaiting discovery. The taxon includes well-known 

animals such as spiders, scorpions, mites, and ticks as well as 

many less familiar taxa. There are about 11 major taxa of 

arachnids, but over 80% of species are either spiders or mites. 

Almost all arachnids are terrestrial carnivores. 

Arachnida includes Scorpiones (scorpions), Palpigradi 

(palpigrades, or microwhip scorpions), Uropygi (whip scorpi- 

ons, or vinegaroons, and schizomids), Araneae (spiders), 

Amblypygi (amblypygids), Pseudoscorpiones (false scorpions), 

Solifugae (solifuges, or solpugids), Opiliones (harvestmen, or 

daddy longlegs), Ricinulei (ricinuleids, or tick spiders), and 

Acari (mites and ticks), all of which are orders in Linnean 

classifications. 

Arachnida is one of the two extremely successful terrestrial 

arthropod taxa, with the other being Tracheata (centipedes, 

millipedes, and insects). The two taxa independendy invaded, 

adapted to, and radiated extensively in dry land habitats. Most of 

the problems inherent in living in the inhospitable terrestrial 

habitat were solved separately by arachnids and tracheates, but 

the two shared a common starting point in the ancestral arthro- 

pod body and physiology. The result has been two lineages 

of similar animals, with some of those similarities inherited 

from their common ancestor and others due to the evolution of 

convergent solutions to the problems of living on land. 

Arachnida includes all living terrestrial chelicerates, plus 

a few that have secondarily returned to aquatic habitats. Like all 
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successful conquests of land, their shift from an aquatic to a ter- 

restrial environment required fundamental morphological and 

physiological modifications of the ancestral aquatic arthropod 
body, especially for water conservation, that preeminent con- 

cern of terrestrial organisms. The epicuticle became waxy to 

reduce water loss. The book gills were modified for use in air, 

resulting in the development of the arachnid book lungs and 

tracheae. Malpighian tubules and uricotely evolved to deal with 

the end product of nitrogen metabolism. In addition, the 

appendages became adapted for efficient terrestrial locomotion 
and an array of sensilla suitable for use in air appeared. Some 

unique innovations, such as silk in spiders, pseudoscorpions, 

and some mites as well as poison glands in scorpions, spiders, 

and pseudoscorpions evolved independently in different taxa. 

Fossil representatives of the existing terrestrial arachnid taxa 

date from the Devonian period, and fossil scorpions have been 

found in Silurian deposits. The Silurian scorpions were aquatic 

and contemporaries of the eurypterids, from which they may 

have evolved. They were large marine animals with compound 

eyes, and some were more than a meter in length. The first ter- 

i estrial arachnid, belonging to a now extinct taxon (Trigonotar- 

bida), appeared in the Upper Silurian and was related to the 

spiders. It was not a scorpion and it appeared in the fossil 

record well before the first terrestrial scorpions, which did not 

appear until the Carboniferous. True spiders, as well as pseu- 

doscorpions, amblypygids, and mites, appeared in the Devo- 

nian. Most of the remaining taxa appeared in the Carboniferous. 

FORM 
Arachnid taxa share the chelicerate ground plan with the body 

divided into two tagmata, the anterior cephalothorax and the 

posterior abdomen. The unsegmented cephalothorax is cov- 

ered dorsally by the carapace, which in most taxa is a single 

sclente (Fig. 18-19), although in some it is divided (Fig. 18-31). 

Although segmentation is often evident in the abdomen, it is 

not in some important taxa. 

Cephalothoracic appendages are similar throughout Arach- 
nida. The anteriormost chelicerae are two- or three-articled, 

chelate, feeding or defensive structures (Fig. 18-11, 18-19). 

Sometimes the chelicerae are equipped with poison or silk 

glands. Chelicerae arise in the embryo in a postoral position, 

but in adults they are preoral. 

The second appendages are the six-articled pedipalps (Fig. 

18-11), which may be chelate or leglike and fulfill a variety of 

functions (such as raptorial, locomotory, sensory, defensive, 

fossorial, leproductive). In many, the coxa is a gnathobase 

used to macerate food in the preoral cavity. 

The remaining four pairs of appendages are walking legs 

(Fig. 18-11), each having seven articles, which are, from 

pioximal to distal: coxa, trochanter, femur, patella, tibia, 

metatarsus, and tarsus. The coxa of the first leg is often 
a gnathobase (Fig. 18-12). Coxae are frequently displaced to 

the midline, where they may replace the sternites as the 

ventral armor of the body. Walking legs are equipped with 

intrinsic flexor muscles, but in most arachnids extension is 

accomplished hydrostatically, by elevating hemocoelic blood 
pressure. Some taxa, however, have extensor muscles (scorpi- 

ons, pseudoscorpions, harvestmen, and solifuges). Legs may 

terminate in claws, often bear sensory structures such as 

trichobothria and slit sense organs, and may be modified for 

functions other than locomotion. 

The cephalotThorax and abdomen may be joined by a narrow 

waist, or pedicel, formed of the seventh segment (Fig. 18-18) or 

they may be broadly connected (Fig. 18-32). In mites they are 

completely fused and cannot be distinguished (Fig. 18-40A). 

In most taxa the abdomen is segmented, like that of eurypterids 

(Fig. 18-9) and scorpions (Fig. 18-10, 18-11), with sclerotized 

tergites and sternites. It is sometimes divided into an ante- 

rior preabdomen and posterior postabdomen (Fig. 18-9, 18-10). 

In mites and most spiders the abdominal sclerites and all signs 

of segmentation are lost. Abdominal appendages are usually 

absent and, when present, do not resemble legs, and are highly 

modified into, for example, book lungs, spinnerets, genital 

opercula, and pectines. Although the tail spine, or telson, is 

usually absent, it is present in the scorpions as a sting and in the 

palpigrades, uropygids, and schizomids as a sensory flagellum. 

NUTRITION 
Arachnids, with the exception of some mites and harvestmen, 

are carnivores. Digestion begins externally, only liquid food 

enters the mouth, and the gut is adapted for processing fluids. 

Most of the gut, including the mouth and tubules of the diges- 

tive ceca, has a small diameter through which large particles 

cannot pass. The prey are usually small arthropods that are cap- 

tured, killed, and masticated, or at least lacerated, by the che- 

licerae and/or pedipalps. Digestion occurs in the preoral cavity 

prior to ingestion. The preoral cavity, a pocket formed by the 

surrounding appendages and carapace (Fig. 18-12) , is not part 

of the gut, but rather precedes it. Digestive enzymes from the 

midgut move anteriorly through the esophagus and out the 

mouth to flood onto the masticated or lacerated prey in the 

preoral cavity, where hydrolysis rapidly occurs. The resulting 

slurry of partially digested food is then sucked into the foregut. 

The foregut consists of the cuticularized pharynx, esopha- 

gus, and sometimes a stomach. Either the pharynx or the 

stomach is a muscular pump (Fig. 18-20). A filter of setae in 

the foregut is often present to exclude particulates that would 

clog the tubules of the digestive ceca. The thick liquid enters 

the midgut and its digestive ceca as a mixture of molecules 

and micioscopic particles. Further extracellular digestion, as 

well as absorption, phagocytosis, and intracellular digestion, 

occur in the midgut and ceca. The hindgut, which may 

include an intestine, cloaca, and rectum, connects the midgut 

with the anus. Water is reclaimed and feces dehydrated and 

formed in the rectum. 

GAS EXCHANGE 
Arachnid gas exchange organs are either book lungs or 

tracheae, both of which are invaginations of the exoskeleton 

into the hemocoel. Some small arachnids have no special 

respiratory surfaces, relying instead on cutaneous gas 

exchange (palpigrades and some mites). 

Book lungs are thought to have evolved from book gills when 

aquatic arachnids colonized land. Some tracheae probably 

evolved ftom book lungs (those of spiders, harvestmen, pseu- 

doscorpions) but in others (solifuges, mites) they arose indepen- 
dendy, perhaps from apodemes. Book gills are elaborations of 
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the exopods of the abdominal appendages of aquatic chelicer- 

ates. Consequently, book lungs, and any tracheae derived from 

them, are highly modified abdominal appendages. 

A book lung is housed in a sclerotized invagination of the 

integument of the ventral abdominal wall (Fig. 18-20). A slit- 

shaped spiracle (stigma) connects the invaginated atrium with 

the exterior (Fig. 18-26). Numerous thin, flat, blood-filled lamel- 

lae protrude into the pocketlike atrium from its anterior wall. 

Short, peglike pedestals between the lamellae prevent them 

from collapsing onto each other, keeping the interlamellar air 

spaces open for the flow of air (Fig. 18-6). Blood in intralamellar 

spaces exchanges gases with air in the interlamellar air spaces 

across the thin, permeable cuticle of the lamellae. The 

intralamellar blood spaces are part of the pulmonary sinus that 

surrounds the lung. 

Gases move into and out of the atrium primarily by diffu- 

sion through the spiracle. Ventilation may be assisted by 

a muscle whose contractions expand the atrium and cause air 

to be inspired through the spiracle. Elastic recoil of the cuticu- 

lar walls of the atrium compresses the atrium and forces air 

out of the spiracle. Although book lungs were the original 

arachffid respiratory organs, they are present today only in 

scorpions (four pairs), spiders (one or two pairs), amblypygids 

(two pairs), and uropygids (two pairs). Gases are transported 

between the book lungs and metabolizing tissues by the blood. 

Arachnid tracheal systems arose independently of those of 

tracheates (myriapods and hexapods), and there are important 

differences between the two. Like book lungs, tracheae are 

invaginations of the integument lined with cuticle. They are 

passageways that arise at spiracles (stigmata) on the body 

surface and extend into the hemocoel (Fig. 18-26B). In arach- 

nids the tracheae are surrounded by blood and do not make 

direct contact with metabolizing cells, so the transferring of 

oxygen to the tissues is performed by the blood. This differs 

from insect tracheae, which extend to, and even into, their 

target cells, so that the blood plays no role in oxygen transport. 

Tracheae conserve water better than book lungs do. Tracheae 

FIGURE 18-6 Arachnida. Diagrammatic sagittal section through 

a book lung. (Redrawn from Weygoldt, R 1996. Chelicerata, Spinnentiere. In 

Westheide, W., and Rieger, R. (Eds.): Spezielle Zoologie: I. Einzeller und 

Wirbellose Tiere. Gustav Fischer Verlag, Stuttgart, pp. 449-497.) 

are best developed in small arachnids because the large surface- 

to-volume ratio of book lungs results in excessive water loss. 

Arachnids have two types of tracheae (Fig. 18-26B). Sieve 

tracheae, derived from book lungs, consist of an atrium and 

spiracle (as does a book lung), from which arise numerous 

lamellae (as in a book lung). The lamellae, however, are 

delicate, branched tubes rather than flat pages. Sieve tracheae 

occur in a few spiders, pseudoscorpions, and ricinuleids. Tube 

tracheae are branched or unbranched tubes arising individ- 

ually at surface spiracles. Tube tracheae are found in harvest- 

men, most spiders, mites, and solifuges. Some evolved from 

book lungs and others from hollow apodemes. They undoubt- 

edly arose more than once in different arachnid taxa. 

INTERNAL TRANSPORT 
The heart is a muscular dorsal tube in the anterior abdomen 

that rarely extends into the cephalothorax. Primitively it is 

a long tube with seven pairs of segmental ostia, but various 

degrees of reduction occur in different orders (Fig. 18-20). It 

is secondarily lost in small arachnids such as the palpigrades 

and most mites. The heart wall is composed chiefly of circular 

muscle, but has an outer layer of longitudinal muscle and 

connective tissue. It is surrounded by the pericardial sinus. 

Anterior and posterior aortae exit from opposite ends of 

the heart and paired segmental arteries leave it from the sides. 

The anterior aorta delivers blood to the perivisceral sinus of 

the cephalothorax and supplies the CNS with nutrients and 

oxygen. The posterior aorta and the segmental arteries supply 

the perivisceral sinus of the abdomen. Blood is oxygenated by 

the book lungs and/or tracheae. 

Each arachnid book lung is enclosed by a pulmonary sinus 

(Fig. 18-20), which receives blood from within the perivisceral 

sinus and includes the intralamellar spaces of the book lungs. 

A pneumopericardial vein (or sinus) extends from each 

pulmonary sinus to the pericardial sinus and carries oxy- 

genated blood from the lungs to the heart. The blood of some 

arachnids, such as scorpions and many spiders with book 

lungs, contains the respiratory pigment hemocyanin. 

EXCRETION 
Excretion of nitrogenous wastes from protein and nucleic acid 

metabolism is a potential sink for water, and terrestrial animals 

must use a nitrogenous end product that does not require 

much water for its disposal. Because ammonia, which is used 

by most aquatic animals, is very wasteful of water, arachnids 

rely primarily on guanine, adenine, xanthine, or uric acid. 

These molecules are relatively nontoxic, highly insoluble, and 

require very little water for their disposal. 

Arachnids employ two types of excretory organs for the elim- 

ination of these wastes. Saccate nephridia, or coxal glands (Fig. 

18-2B), were inherited from the aquatic ancestors whereas 

Malpighian tubules were invented at least once and perhaps 

several times by the arachnids (and also by tracheates). Some 

arachnid taxa possess both saccate nephridia and Malpighian 

tubules and some have one or the other. Saccate nephridia 

derived from coelomic sacs usually are associated with one or 

two cephalothoracic segments and have ducts opening on the 

coxae of those segments. 
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Malpighian tubules are diverticula from the gut in the 

vicinity of the midgut-hindgut junction (Fig. 18-20). Arachnid 

Malpighian tubules are endodermal and arise from the 

midgut, whereas tracheate Malpighian tubules are ectodermal 

and arise from the hindgut. 

Arachnids possess large phagocytic cells called nephrocytes 
that are localized in clusters in the hemocoel. These cells 

wander freely in the hemocoel and accumulate metabolic 

waste products, which they may sequester indefinitely or 

detoxify and return to the blood. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The arachnid CNS is highly cephalized by the concentration of 

ganglia in the cephalothorax. The brain consists of only two 

regions. Its protocerebrum contains the optic centers and is 

connected with the eyes via the optic nerves (Fig. 16-1 OB). A pair 

of cheliceial ganglia, usually considered to be homologous to 

the tritocerebmm of mandibulates, innervates the chelicerae. 

The deutocerebrum is absent. Most or all of the segmental 

ganglia of the cephalothorax and abdomen have moved anteri- 

orly to form a large subesophageal ganglion that fills much of 

the space in the cephalothoracic hemocoel (Fig. 18-20, 18-7). In 

all arachnids the subesophageal ganglion sends sensory and 

motor nerves to the pedipalps and all other cephalothoracic 

appendages. In most arachnids the abdominal ganglia are also 

incorporated into the subesophageal ganglion, and only in the 

relatively primitive scorpions is there a ventral nerve cord on 

which the abdominal ganglia remain independent of the sub- 

esophageal ganglion (Fig. 18-7A). The brain and subesophageal 

ganglion are connected by circumenteric connectives. 

Three types of sense organs are common to most 

arachnids. These are the many varieties of sensory setae, eyes, 

and slit sense organs, which are discussed in Chapter 16. 

Setae, the chief sense organs of most arachnids, include 

simple mechanoreceptors, chemoreceptors (Fig. 18-8C), and 

trichobothria. 

Tiichobothria (trich = hair, bothrium = cup) are mechan- 

oieceptois specialized for detection of weak air movements. 
A trichobothrium is a long, slender, solid seta (Fig. 18-8E) aris- 

ing from a cup-shaped bothrium in the exoskeleton. The shaft 

Median eye 

Brain 

Subesophageal 
ganglion 

[Cephalothorax 

| Abdomen 
Nerve to 4th leg 

a d!! nf R Arachnid nervous systems. A, Scorpion nervous system, in which abdominal ganglia are separate 

form thP mh ' h°P' T "T™ ^ V6ntral ganglia have migrated forward and fused to 
/? n / ^[SOphageal Qsng'ion. Abbreviations: C, chelicerae; P, pedipalps; numerals refer to walking legs (B°th after Millot, J. 1949. Traite de Zoologie. VoL VI. Masson et Cie, Pans.) 
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FIGURE 18-8 Arachnid sensory structures. A, Diagram of an indirect posterior median eye (secondary eye) 

of a wolf spider that has a tapetum. Sagittal view to the right of the arrow; three-dimensional view, vitreous body 

omitted, to the left of arrow. B, Sagittal section of a direct eye (main eye) of a spider. C, Chemosensory seta of 

a spider (n = axon). Note that the seta is hollow and open at the tip. D, Surface view of a lyriform sense organ. 

E, Detail of a spider trichobothrium. (A andB, From Homann, H. 1971. Z. Morphol. Tiere. 69(3):20l-273; C, From 

Foelix, R. F. 1970. J. Morphol. 132:313-334; E, From Gomer, P. 1965. Cold Spring Harbor Symp. Quant. Biol. 30:69-73.) 
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of the seta is attached to the exoskeleton at the bottom of the 

bothrium by a thin cuticular membrane. This delicate con- 

nection permits the seta to move in response to the slightest 

pressure. The dendrites of at least four sensory neurons are 

attached to the proximal end of the shaft and confer direc- 

tional sensitivity to the system. The seta is set into motion by 

the gentlest of air currents and such motion activates the 

dendrites. Air currents created by the movement of insect 

wings can stimulate the trichobothria, allowing a blinded 

spider to capture flies. Trichobothria are especially common 

and important in arachnids, but are present in insects also. 

The ancestral arachnids had lateral compound eyes and 

median pigment-cup ocelli. Although some fossil scorpions had 

large compound eyes similar to those of xiphosurans, modern 

arachnids have reduced them to three to five small eyes with 

highly modified ommatidia. The ommatidia of arachnid lateral 

eyes have fused and share a common lens and single retina, 

unlike those of other arthropods (Fig. 18-8A). Modern arach- 

nids may have lateral eyes, median eyes, both, or neither. 

The photoreceptor cells can be oriented toward the light 

source (called a direct eye; Fig. 18-8B) or away from the light 

source (an indirect eye; Fig. 18-8A). In indirect eyes, the 

pigmented postretinal membrane may function as a reflector, 

called the tapetum, that reflects the light toward the receptors 

(fig. 18-8A). Some arachnids possess only direct or indirect 

eyes, but many, such as spiders, have both. 

Slit sense organs are cuticular strain gauges that detect 

small changes in the tension on the exoskeleton due to its 

deformation. They respond to load stress on joints during 

locomotion and in this respect are proprioceptors. They may 

also respond to gravity and to airborne vibrations. A single slit 

sense organ consists of a long, narrow, slit-shaped crevice 8 to 

200 pm long and 1 to 2 pm wide in the exoskeleton that is 

covered by a very thin cuticular membrane. Dendrites of a 

receptor neuron connect with the inside surface of the mem- 

brane. Changes in the tension of the exoskeleton compress 

the slit so that it narrows, causing the membrane to bow 

inward. The dendrite depolarizes in response to deformation 

of the membrane and a signal is sent to the brain. Slit sense 

oigans, piesent in all arachnids, are most diverse in spiders. 

Slit sense organs may be isolated or clustered in groups, in 

which case they are known collectively as lyriform organs (Fig. 

18-8D). Lyriform organs are near joints whereas single slit 

sense organs may be abundant over all the body and 

appendages of arachnids and are parallel to the long axis of 
the leg article. The spider Cupiennius salei, for example, has 

about 3000 slit sense organs, some grouped in lyriform organs 

and some single. 

Lacking antennae on the first head segment, many arach- 
nids have compensated by creating the functional equivalent 

from other appendages, usually a pair of legs (Fig. 18-31). In 

some taxa the telson, known as a flagellum, is sensory and 

functions as a posterior antenna (Fig. 18-16A). 

REPRODUCTION AND DEVELOPMENT 
Arachnids are always gonochoric and fertilization is always 

internal, but sperm transfer may be direct or indirect. Some 

arachnids have a copulatory penis for the direct transfer of 

sperm to the female. Indirect sperm transfer via spermatophores 

is characteristic of many arachnids (scorpions, uropygids, schizo- 

mids, pseudoscorpions, amblypygids). It appears to be the origi- 

nal arachnid mode of sperm transfer and is an adaptation for 

reproduction on land. Indirect sperm transfer without sper- 

matophores is practiced by spiders. The gonopores of both sexes 

usually are on the ventral side of the second abdominal segment 

(Fig. 18-20). The gonads lie in the abdomen and may be either 

single or paired (Fig. 18-20). 

Many species engage in a complex precopulatory courtship 

ritual. The sexes, especially the female, respond to chemical, 

tactile, or visual cues from the potential partner. Such cues 

provide for recognition of conspecifics and elicit the compli- 

cated behavior, receptivity, and posture that indirect sperm 

transfer requires. This is especially important in highly preda- 

tory species so that the female recognizes the male as a mate 

rather than a snack. 

The macrolecithal eggs are centrolecithal and cleavage 

is usually superficial. The blastula typically consists of a uni- 

form, segmented blastoderm surrounding a yolk mass. Most 

arachnids are oviparous, but all scorpions and a few mites 

are viviparous. 

EURYPTERIDA0 

Eurypterids are extinct euchelicerates that inhabited aquatic 

environments from the Ordovician to the Permian. These were 

the predaceous sea scorpions (Fig. 18-9) that lived in marine, 

FIGURE 18-9 Eurypterida. A, Eurypterus remipes (dorsal view). 
B, Mixopterus kiaeri showing appendages of one side (ventral view). 
(A, After Nieszkowski; B, After Stormer from Fage.) 
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brackish, and freshwater habitats. Some probably made short 

excursions onto land. Eurypterids were the largest arthropods 

that ever lived, with one species of Pterygotus reaching a length 

of almost 3 m. In some classifications, Eurypterida is ranked as 

a subclass in the class Merostomata. 

Eurypterids are thought to be an early branch of the line 

leading to the arachnids. Eurypterids share several characteris- 

tics with modern scorpions, including a common pattern of 

tagmosis, and probably are related but not ancestral to them. 

Eurypterids and scorpions share the apomorphy of a sternum 

formed of the fused chilaria of the stem chelicerate. 

The eurypterid body plan also shares many features with 

horseshoe crabs, but there are important differences as well. 

The body is composed of the same two tagmata, the 

cephalothorax and abdomen (Fig. 18-9). The six cephalotho- 

racic segments are fused and covered by a carapace, but the 

cephalothorax is smaller relative to the abdomen than it is in 

xiphosurans. The cephalothorax has six pairs of appendages, 

the first being the small chelicerae and the last, a pair of large 

paddles, or walking legs in some species. Eurypterids probably 

were capable of swimming as well as crawling on the bottom. 

An important difference between xiphosurans and eurypterids 

is that in the latter, the abdominal segments are not fused and 

there is a distinct, seven-segmented preabdomen and a nar- 

rower, five-segmented postabdomen. The preabdomen has five 

pairs of book gills and no genital operculum. The postab- 

domen has no appendages, but the tail spine extends posteri- 

orly from its last segment. In some species, it may have been 

a poisonous sting. 

SCORPIONES0 

Scorpions belong to an ancient taxon with a fossil record 

beginning in the Silurian period. Silurian and Devonian 

scorpions were aquatic, had gills, and lacked claws on the 

legs. Terrestrial scorpions appeared in the Devonian. The 

1200 described species of Recent scorpions are most common 

in the tropics and subtropics, but occur on all continents 

except Antarctica. In the Western Hemisphere, they are 

found from southern Canada to southern South America and 

in North America are most abundant in the southeast and 

southwest. 

Scorpions are generally secretive and nocturnal, hiding by 

day under logs, bark, and stones and in rock crevices or 

burrows in the ground. Scorpions are found in most terrestrial 

habitats, including forests, grasslands, and deserts, and some 

species are associated with vegetation and some live in trees. 

Some inhabit caves and a few occur in the intertidal zone. 

Scorpions are often found near or even in human abodes, and 

the desert-dwellers’ practice of shaking out shoes before 

putting them on is a wise precaution. Many species are 

characteristic of desert regions, with arid Baja California 

supporting the greatest diversity of scorpion species in the 

world. Scorpions are by no means restricted to arid habitats, 

however; many require a humid environment and some live in 

tropical forests. Scorpions exhibit a striking green fluores- 

cence under ultraviolet light and can be easily observed at 

night when illuminated by an ultraviolet lamp. 

Scorpions are large arachnids, most ranging from 3 to 9 cm 

in length. The smallest species is the cave-dwelling Typhlochactas 

mitchelli, which is only 9 mm long, and the largest is the African 

Hadogenes troglodytes at 21 cm. Some Carboniferous scorpions 

reached 86 cm. 

Form 
The scorpion body has hardly changed since the Silurian and 

consists of a cephalothorax and a long, segmented abdomen 

ending in a telson, or sting (Fig. 18-10). Dorsally the cephalotho- 

rax is completely covered by the carapace, in the middle of 

which is a pair of large, elevated median eyes. In addition, two to 

five pairs of small lateral eyes are present along the anterior, 

lateral margin. Some cave-dwelling scorpions are eyeless. 

Scorpion chelicerae are small, chelate, and project anteri- 

orly from the front of the body (Fig. 18-11). Along with the 

labrum, they form the roof of the preoral cavity (Fig. 18-12). 

A distinctive feature of scorpions is the greatly enlarged pedi- 

palps, which form a pair of large pincers for capturing prey. 

Their coxae form the sides of the preoral cavity. Four pairs of 

walking legs and their coxae form the ventral surface of the 

cephalothorax (Fig. 18-11). These coxae replace the sternites 

of the anterior cephalothorax, which have been lost. A ven- 

tral plate known as the sternum (Fig. 18-11) represents the 

fused sternites of segments 5 and 6. The coxae of the first two 

walking legs are gnathobases that form the floor of the pre- 

oral cavity (Fig. 18-12). 

The cephalothorax and abdomen are broadly connected 

and there is no pedicel (Fig. 18-10, 18-11). Posterior to the 

cephalothorax, the long abdomen is composed of a wide, 

seven-segmented preabdomen and a narrow postabdomen of 

five segments. That the pre- and postabdomens are well devel- 

oped and distinct from each other are primitive features held 

in common with the eurypterids. Dorsally the preabdomen is 

covered by a series of seven segmental tergites and ventrally, 

by sternites. The sternites and tergites are connected laterally 

by flexible, unsclerotized pleural membranes. The anterior 

sternites form a pair of genital opercula on the first abdominal 

segment to protect the gonopore. Two unique pectines, the 

appendages of the second segment, are comblike sensory 

structures projecting laterally from their attachment near the 

ventral midline. Abdominal sternites 3 through 7 are unmodi- 

fied and four of them (3 through 6) each bear a pair of 

transverse spiracles opening into book lungs (Fig. 18-11). The 

segments of the postabdomen, sometimes called the tail, are 

narrow sclerotized rings undivided into individual sclerites. 

The last segment bears the anus on its posterior ventral side 

and the characteristic venomous sting. 

Nutrition 
Scorpions feed on invertebrates, especially insects and other 

arachnids. Many, perhaps most, sit in an alert position and lie in 

wait for prey. The pedipalp fingers are open, with the tips of the 

movable fingers and pectines touching the ground. Burrowing 

species wait near or at the burrow entrance. Prey is detected by 

trichobothria on the pedipalps or, in some, by vibrations of the 

ground sensed by tarsal hairs and slit sense organs. The North 

American desert scorpion, Paruroctonus mesaensis, can locate and 

dig up a burrowing cockroach 50 cm away in a few seconds. 

Some scorpions can catch prey in midair, detecting and tracking 

it with the trichobothria from a distance of 10 cm. 
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FIGURE 18-10 Scorpion external anatomy. 
Vaejovis carolinianus (dorsal view). 

When feeding, the prey is caught and held by the large pedi- 

palps while being killed or paralyzed by the sting (Fig. 18-13), 

although the sting is not used if the prey can be subdued with 

the pedipalps alone. Prey is transferred to the preoral cavity, 

where the chelicerae and gnathobases slowly crush and tear it 

(Fig. 18-12). Hydrolytic enzymes from the midgut flood the food 
as it is masticated, beginning digesuon outside of the body. The 

broth of predigested food is sucked into the gut by the pharynx 

and digestion continues as described for arachnids in general. 

Metabolic rates for scorpions are among the lowest recorded for 

animals, and some can survive for a year or more without eating. 

Many species spend over 90% of their time quiescent in their 

burrows and their level of activity is very low. Conversion of prey 

biomass to scorpion tissue is extremely efficient and scorpions 

can increase their weight by one-third from a single meal. 

The sting is attached to the posterior end of the last 

segment and consists of a bulbous base and a sharp, hollow, 

curved barb that injects venom into the prey (Fig. 18-11). The 

venom is produced by a pair of poison glands in the base of 

the sting, \iolent contractions of a muscular envelope 

surrounding the glands eject venom into a duct to the barb. 
The scorpion raises the postabdomen over the body so that it 

is curved forward and stabs the prey (Fig. 18-13). 

The venom of most scorpions, although sufficientiy toxic to 
kill many invertebrates, is not dangerous to humans, but it can 

be painful. The scorpions of the southeastern United States, as 

well as many of the midwestem and western species, normally 

are not lethal to humans. Worldwide, however, about 25 species 

in the family Buthidae possess highly toxic venom that can be 

fatal to humans. Most notorious are AncLroctonus of North Africa 

and various species of Centruroid.es in Mexico, Arizona, and New 

Mexico. Globally, 5000 people a year are estimated to die from 

scorpion stings. Humans envenomated by Androctonus australis 

may die in 6 to 7 h. In Mexico, species of Centruroides have been 

responsible for deaths, mostly in children. The neurotoxic 

venom may cause convulsions, paralysis of the respiratory mus- 

cles, or cardiac failure. Scorpions are responsible for more 

human deaths than any other nonparasitic animal other than 

bees and snakes. Effective antivenins are available for dangerous 

species. Scorpions are immune to their own venom. 

Scorpions are usually most active during the first hours of 

darkness, but only about 10% of the population appears to be 

active at any one time. When seeking prey, most burrowing 

species stay within a meter of the burrow entrance, but 

Paruroctonus mesaensis is known to return to its burrow from 

distances as great as 8 m. 
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FIGURE 18-11 Scorpion external anatomy. Androctonus australis 

(ventral view). (After Lankesterfrom Millot and Vachon, 1949.) 

Internal Form and Function 
Gas exchange is accomplished solely by the four pairs of book 

lungs. Water loss from the lungs is reduced by spiracles under 

muscular control. 

The hemal system includes a dorsal tubular heart with 

seven pairs of segmental ostia in the pericardial sinus of the 

preabdomen. Transport of oxygen from lungs to tissues is 

accomplished by the well-developed and efficient hemal 

system like that described for arachnids in general. 

Excretion is accomplished by two pairs of Malpighian 

tubules and one pair of saccate nephridia, which open on the 

coxae of the third pair of walking legs. Desert scorpions 

possess a number of adaptations for life under extreme 

desiccating conditions. Lethal temperatures are high (45 to 

47°C), and evaporative water loss through the almost impervi- 

ous exoskeleton is extremely low, the lowest of any arthropod 

(0.01% of body weight per hour at 25°C). Scorpions can 

tolerate a water loss of up to 40% of their body weight. Like 

kangaroo rats, some desert species never drink and can live 

indefinitely on the water from their food, using many of 

the same mechanisms as kangaroo rats to accomplish this. The 

integument is impermeable, the feces are dry, excretion 

produces almost dry nitrogenous wastes, they live in burrows, 

and they are nocturnal. The burrows of some species, such as 

Hadrurus arizonensis of the Sonoran Desert, may extend 90 cm 

into the desert floor. Some scorpions at times raise their 

bodies well off the ground. This behavior, called stilting, 

permits the circulation of air beneath the animal to maximize 

convective heat loss to the air and minimize conductive heat 

gain from the ground. 

The scorpion nervous system, unlike that of other arachnids, 

retains a distinct ventral nerve cord with seven ganglia (Fig. 

18-7A). Giant fibers coordinate the rapid pedipalpal grasping 

of the prey and the stinging thrust that kills it. Trichobothria 

are probably a scorpion’s most important source of sensory 

input. The role of the pectines still is not clear, but the ventral 

side of each tooth of the comb is provided with chemo- and 

mechanoreceptors. When moving, the scorpion holds the 

pectines out from the sides of its body in a horizontal posi- 

tion so that the teeth touch the ground. Pectines are sensitive to 

ground vibrations and apparently to some physical or chemical 

characteristics of the substratum. One function appears to be 

recognition of an appropriate substratum for placing sper- 

matophores, and amputation of the pectines prevents sper- 

matophore deposition. 

Reproduction and Development 
Scorpions are gonochoric and use spermatophores for indirect 

sperm transfer. The gonads, located among the tubules of the 

midgut diverticula in the preabdomen, have an unusual 

morphology consisting of four longitudinal tubes with several 

transverse cross connections. In each sex the gonads empty into 

a common genital atrium, which opens to the outside via the 

gonopore on the first abdominal segment. There is a single 

gonopore in each sex. The female system includes a pair of 

seminal receptacles for storage of sperm. The male system 

includes a pair of paraxial organs in which sperm are packaged 

into complex spermatophores consisting of a lever, a stalk, an 

ejection apparatus, and a sperm reservoir (Fig. 18-14A). It takes 

the male three to four days to make a spermatophore. 

Details of courtship and mating differ with genus, but in 

general they conform to the following account. During the 

breeding season the male wanders about until he encoun- 

ters a female and initiates an extended courtship (Fig. 

18-14B-D). The male grasps the female’s pedipalps with his, 

and together they walk, hand-in-hand, so to speak, backward 

and forward in a promenade a deux. Sometimes the male 

stings the female. During this dance the male is presumably 

using the pectines to locate a suitable site for depositing 

a spermatophore. This behavior may last from a few minutes 

to hours, depending on how long it takes to locate an 

acceptable site. Eventually, the male extrudes a sper- 

matophore, which is about 6 mm high, and cements it to the 

substratum. He then maneuvers the female so that her geni- 

tal area is over the spermatophore. When her pectines 
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™ 1812 Anterior view of a scorpion. The preoral cavity is the area around the mouth (M) surrounded 
y the bases of the appendages. The labrum above the preoral cavity is obscured by the chelicerae (C). 

Abbreviations: C, chelicerae; M, mouth; P, pedipalp coxa; 1 and 2, gnathobases (coxae) of the first and second 
legs. (From Farley, R. D. 1999, in Hamson, F. W., and Foelix, R. F. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 8A 

(hg. 3-13 a,b). Copyright 1999, repiinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons. Photograph 

provided by R. D. Farley.) ' ' 6 1 

FIGURE 18-13 Scorpiones. Successive positions of the abdomen 
of the scorpion Hadrurus when stinging prey. Total time required for 
the sequence is about 0.75 s. (From Bub, K., and Boioerman, R. F. 1979. 

Prey capture by the scorpion Hadrurus arizonensis. /. Arachnol. 7:243-253.) 

touch the spermatophore, her genital opercula move aside 

and open the gonopore. When the spermatophore touches 

the gonopore, pressure on the lever ejects the sperm mass 

into the female’s gonopore. The sperm move to the seminal 

receptacle, where they are stored until used for fertilization 
at some later time. 

Unlike most terrestrial arthropods, scorpions are vivipa- 

IOUS anci t are retained in the female reproductive tract. 

Scot pious invest much more time and energy’ in their 

offspring than is usual among terrestrial arthropods. Develop- 

ment is direct and females give birth to relatively large 

juveniles that resemble miniature adults. In lecithotrophic 

species, development of the large, yolky eggs takes place in 

the lumen of the ovarian tubules. The eggs of matrotrophic 

species, such as the tropical Asian Hormurus australasiae, pos- 

sess little yolk, and eggs develop in the diverticula of the ovary 

(Fig. 18-14E). Each diverticulum includes a cluster of absorb- 

ing cells at the upper end. These cells rest against the 

mother’s digestive ceca, from which nutritive material is 

acquired. The food passes through the tubule to nourish the 

embryo at the base. 

Development takes several months, even a year or more, 
and from 1 to 95 young are produced, depending on the 

species. At biith the juveniles, a few millimeters long, imme- 

diately crawl onto the mother’s back (Fig. 18-15), where they 

remain through the first molt, which usually occurs in one 

to four weeks. Young scorpions then gradually leave the 

mother and become independent. They reach sexual matu- 

rity in six months to 6 years, molting four to seven times, 

and some species may live as long as 25 years. These repro- 

ductive life history traits sometimes result in an intrinsic rate 

of natural increase (r) lower than that of any other animal, 

including whales and elephants. Predation by vertebrates 
such as biids, snakes, and amphibians is a major cause of 

scorpion mortality. 
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FIGURE 18-14 Scorpion reproduction. A, Diagram of a scorpion spermatophore. B-D, Sperm transfer in 

scorpions: B, While holding the female's pedipalps in his own, the male (on the left) deposits the spermatophore 

on the ground. The spermatophore is solid black in the drawing. C, The female is pulled over the spermatophore. 

D, The spermatophore is taken up into the female's gonopore. E, Diverticulum of the ovary containing a 

developing embryo in the tropical Asian scorpion, Hormurus australasiae, a matrotrophic viviparous species. 

(A-D, After Angermann; E, After PflugfelcLer from Dawydoff) 

FIGURE 18-15 Female scorpion carrying her young. 

UROPYGI0 

The approximately 100 described species of Uropygi are 

called whip scorpions. Some are large, and the American 

vinegaroon Mastigoproctus giganteus reaches 80 mm in length 

(Fig. 18-16A). The cephalothorax is completely covered by 

a carapace that bears a pair of anterior median eyes and three 

or four pairs of lateral eyes. Uropygid chelicerae are small and 

have two articles. The distal article forms a fang that folds 

against the large basal article. The large, raptorial pedipalps 

are stout and heavy, and short in comparison with the legs. 

The last two articles of the pedipalps may be modified to form 

a pincer used in seizing prey (Fig. 18-16A). During feeding, 

the prey is seized and torn apart by the pedipalps and then 

passed to the chelicerae. The animal holds its pedipalps and 

long, tactile first legs in front as it moves forward. The anten- 

niform, sensory first legs touch the ground repeatedly. 
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FIGURE 18-16 Uropygi. A, American whip scorpion, Mastigoproctus giganteus. B, A male schizomid 

Masson S^ ^ ''"f' “ aboUt 5 mm- <*, After MiUotJ. 1949. Trailed, Zoologie'. Vol. VI. 
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The large, segmented abdomen is divided into two sections, 

sometimes designated the pre- and postabdomens. The preab- 

domen is large and consists of eight segments, whereas the 

postabdomen, with only three segments, is much smaller and 

narrower. A long, antenniform flagellum extends posteriorly 

from the postabdomen. Two pairs of book lungs are located in 

the second and third abdominal segments. A pair of large 

repugnatonal glands open on each side of the anus. When 

irritated, the animal elevates its postabdomen and sprays the 

attacker with fluid from these glands. In Mastigoproctus the secre- 

tion is 84% acetic acid and 5% caprylic acid. The caprylic acid 

facilitates penetration of the acetic acid through the integument 

of an arthropod predator. The fluid can bum human skin, and 

its odor is responsible for the name vinegaroon. 

Sperm transfer is indirect via a spermatophore. During the 

complex courtship behavior, the male holds the tips of the 

long, modified sensory legs of the female with his chelicerae. 

Hie female picks up the spermatophores with her genital area 

and, in Mastigoproctus and Thelyphonellus, the male uses fiis 

pedipalps to push them into her gonopore. The female lays 

er eggs in a sac attached to her body. She remains in a burrow 

until they have hatched and undergone several molts. 

Schizomida (Fig. 18-16B) is sometimes classified separately 
although most arachnologists now consider it to be a taxon of 

specialized uropygids adapted for life as interstitial soil animals. 
The approximately 180 species are small (8 to 13 mm). The 

carapace does not cover the entire cephalothorax, and the 

posterior two segments are covered by independent tergites 
(rig. 18-16B). The flagellum is short, with a maximum of three 

segments. Only one pair of book lungs is present. As in other 

uropygids, the first leg is antenniform and has a sensory role. 

Sperm transfer is indirect with spermatophores. 

AMBLYPYGI0 

Amblypygids, or whip spiders, are tropical and semitropical 

ai achnids resembling spiders in many respects. Several of the 
100 known species are common, but because they are secretive 

nocturnal animals, hiding during the day beneath logs, bark, 

stones, leaves, and similar objects, they typically escape notice 

Amblypygids range in length from 4 to 45 mm and have a dark, 

somewhat flattened, spiderlike body (Fig. 18-17). 

The carapace completely covers the cephalothorax and 

bears one pair of median eyes and three pairs of lateral eyes. 

I he chelate chelicerae are similar to those of spiders but lack 

poison glands. The distinctive, raptorial pedipalps are heavy 

and spiny and are used to capture prey, primarily insects. The 

n st legs are especially long and antenniform (Fig. 18-17) but 
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A B 

FIGURE 18-17 Ambiypygi. A, The African amblypygid Charinus milloti. B, Male (top) of the amblypygid 
Heterophrynus longicornis, tapping the body of a female (bottom) with his antenniform legs. (A, After Millot.) 

all the legs are sensory. One of the long, tactile first legs is 

always pointed in the direction of movement, whereas the 

other may explore areas to either side of the animal. The gait 

of an amblypygid is crablike because of its flattened body and 

its tendency to move laterally. 

The segmented abdomen is connected to the cephalotho- 

rax by a narrow pedicel like that of spiders. Two pairs of book 

lungs are located on the ventral side of the second and third 

abdominal segments, but there are no other abdominal 

appendages. Unlike spiders, amblypygids do not produce silk 

but their internal anatomy resembles that of spiders. The CNS 

is fully cephalized, with all segmental ganglia moved anteriorly 

into the subesophageal ganglion. The pharynx and pumping 

stomach are used to suck liquid food into the gut. Malpighian 

tubules and one pair of saccate nephridia are responsible for 

excretion. Spermatophores are used in indirect sperm 

transmission. 

ARANEAE0 

With the probable exception of mites and ticks, Araneae 

(spiders) is the largest arachnid taxon. Approximately 40,000 

species in about 100 families and 3000 genera have been 

described, and it has been estimated that there are probably at 

least 170,000 species alive in the world today. Spider popula- 

tion densities can be very large, and in one study a hectare of 

undisturbed, grassy meadow in Great Britain was found to 

support over 5 million spiders. The great success of spiders 

relative to other arachnids probably results from their innova- 

tive use of silk. Many aspects of spider biology depend on silk, 

and it may be the adaptive equivalent of flight by insects in 

that both innovations resulted in extensive adaptive radiation 

culminating in great diversity. Spiders are, with few excep- 

tions, terrestrial and occur on all continents except Antarctica. 

They are found in most terrestrial habitats but are absent from 

the sea, and there is only one freshwater species that lives 

below the water surface. Spiders are easily distinguished from 

most other arachnid orders by the distinctive pedicel between 

the cephalothorax and abdomen. Spiders are also the only 

arachnids with silk-spinning appendages, the spinnerets, on 

the posterior abdomen. Spiders are strictly carnivorous. 

Araneae is divided into three subtaxa, Mesothelae, Myga- 

lomorphae (Orthognatha), and Araneomorphae. Most spi- 

ders, including the most derived, are araneomorph, with 

labidognath fangs that move in the transverse plane so they 

can oppose each other (Fig. 18-18B). The more primitive 

mygalomorph spiders (tarantulas, bird spiders, and trap- 

door spiders) have orthognath chelae in which the fangs 

move only in a longitudinal plane and cannot move trans- 

versely to oppose each other. Mesothelan spiders are the 

most primitive of all and have, in addition to the primitive 

type of chelicerae, a segmented abdomen and other primi- 

tive characteristics (Fig. 18-19). 

Form 
Spiders range from tiny species of less than 0.5 mm in 

length to the large, tropical spiders with a body length of 

9 cm and a much greater leg span. The usual two arachnid 

tagmata (cephalothorax and abdomen) are present but sep- 

arated by the pedicel (Fig. 18-18). Because of the flexible 

Ph
ot

og
ra

ph
 c

ou
rt

es
y 

of
 D

r. 
R

ob
er

t M
itc

he
ll.

 



572 Chapter 18 CheliceratasP 

Cardiac 
area 

Anal tubercle 

Chelicera Fang 
Scopula of endite 

Thoracic groove 
Pedipalpal endite 

Cervical groove 
Labium' 

Radial furrow 

Carapace 

Pedicel 

Lung spiracle 

Epigastric furrow 

Anterior spinnerets 

Median spinnerets 
Posterior spinnerets 

Retromarginal 
teeth of 
chelicera 

Coxae 
of legs 

Epigynum 
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FIGURE 18-18 Araneae. Dorsal (A) and ventral (B) 
views of a spider, showing the external structure. (From 

Kaston, B.J. 1948. Spiders of Connecticut. State Geol. Nat. 

Hist. Surv. Bull. 70:13.) 

pedicel, the abdomen can be moved independently of the 

cephalothorax to distribute silk. The cephalothorax is com- 
posed of 6 fused segments, each of which bears a pair of 

appendages, and the abdomen is composed of 12 segments 
that, in almost all spiders, are completely fused and without 

signs of segmentation. 

Dorsally the adult cephalothorax is completely covered by 
a distinctive, convex carapace that usually bears eight anterior 

eyes (Fig. 18-19). A longitudinal, median thoracic groove on 

the carapace marks the position of the apodeme, on which the 

dilator muscles of the pumping stomach insert (Fig. 18-18A, 

18-20). Ventrally the cephalothorax is covered by two sternites. 

These are the small anterior labium and the large posterior 

sternum (Fig. 18-18B). In embryonic development the 

cephalothorax forms by the fusion of six anterior segments. 
Each chelicera consists of a distal fang and a basal piece 

that the fang folds against (Fig. 18-27A). A pore at the tip of 

the fang is the opening of the duct from the poison gland 

(Fig. 18-20). The female pedipalps resemble short legs (Fig. 

18-20) and are unremarkable, but those of males are modified 

to serve as sperm transfer organs, with the last segment being 

greatly enlarged and knoblike (Fig. 18-28A). The coxa of the 

Tergite 5 

Chelicera 

Fang 

a of leg 3 1st book lung 2nd book lung Spinneret 

spiracle spiracle 

FIGURE 18-19 The primitive Asian 
mesothelan spider Liphistius malayanus, with legs 
removed for clarity (side view). (After Millot, 1949. 

Tmite de Zoologie. Vol. VI. Masson et Cie, Paris.) 
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FIGURE 18-20 Internal anatomy of an araneomorph spider. (After Comstock, 1940.) 

pedipalp has a process known as the pedipalpal endite (or 

gnathobase) that forms the sides of the preoral cavity (Fig. 

18-18B). Spiders always have four pairs of legs, which may vary 

in size, morphology, and function. Each leg is composed of 

seven articles plus two terminal tarsal claws. Web-spinning 

spiders have an additional tarsal claw. 

The soft, ovoid abdomen is unsegmented, except in the 

primitive Mesothelae, in which it bears dorsal segmental 

tergites (Fig. 18-19). The abdomen lacks appendages except 

for book lungs and spinnerets. Anteriorly, on the ventral side 

of the abdomen, is a transverse groove known as the epigastric 

furrow (Fig. 18-18B). Associated with this furrow are the 

epigynum and gonopore. In most spiders, the slit-shaped 

spiracles of a pair of book lungs lie on each side of the furrow. 

The posterior end of the abdomen bears a group of modified 

appendages, the spinnerets (Fig. 18-18). A tracheal spiracle is 

situated immediately anterior to the spinnerets and the anus is 

posterior to them (Fig. 18-20). 

Silk 
Silk production is a distinctive, but not exclusive, feature of 

spiders, and many aspects of spider biology and ecology are 

influenced by it. Fossil spiders with clearly discernable 

spinnerets are known from as early as the Devonian. Silk is 

produced by several large abdominal silk glands (Fig. 18-20) 

and extruded from individual spigots on the distal tips of the 

spinnerets (Fig. 18-21). Primitively, spiders probably had four 

pairs of spinnerets, but in most the number is reduced to 

Filiform gland spigot 

Aciniform gland spools 

Lobed gland spigot 

Piriform gland spools 

Major ampullaceal 
gland spigot 

(dragline) 

Colulus 

Aciniform gland spools 

Cylindrical gland spigot 

Minor ampullaceal gland 
spigot 

Anal papilla 

Posterior spinneret 

Median spinneret 

FIGURE 18-21 Spinnerets of the orb-weaving spider 
Araneus diadematus, showing the distribution of spigots 
for different silk glands. Anterior is to the left. (From 
Wilson, R. S. 1969. Am. Zool. 9(1): 103-111.) Anterior spinneret 
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thiee, the anterior, median, and posterior pairs (Fig. 18-21). 

At least six types of silk glands are known, each producing 

a different silk. Each spinneret bears many spigots, each of 

which is connected to a specific silk gland and thus extrudes 

onl\ one type of silk, but each spinneret may have several 

types of spigots. Spinnerets are short, conical structures 

derived from the appendages of abdominal segments four 

and five. They are very mobile and can move independently. 

Further, because of the pedicel, the abdomen itself is mobile. 

The cribellum, found in some araneomorphs, is a modified 

spinneret with up to 40,000 tiny spigots. Each spigot produces 
a single very fine fiber. The many fibers are pulled from the 

cribellum by the calamistrum, a comblike row of setae on the 

foui th metatarsus, and teased into a composite wooly thread, 

or hackle-band,” especially effective for snagging the setae of 

insects. The cribellum was present in the earliest araneo- 

morphs and is an autapomorphy of the taxon, although most 

modern taxa have lost it. It was the first silk capable of snaring 

insects and it made possible the use of webs for prey capture 

prior to the development of adhesive silk. Loss of the 

cribellum and calamistrum seems to have occurred several 

times in araneomorph spiders. 

Spider silk is a protein composed largely of glycine, 

alanine, and serine and is similar to insect silk. It is emitted as 

a liquid and hardens not from exposure to air, but from being 

“drawn out,” which changes the protein’s conformation. 

Spider silk is about as strong as nylon but is more elastic. It is 

similar in tensile strength to other biological structural 

materials such as cellulose, chitin, and collagen, but is more 

extensible and can withstand about 10 times the force without 

breaking. A single thread is composed of several fibers, each 

drawn out from liquid silk supplied at a separate spigot. 

Drawing out occurs as the spider moves away from an 

anchored thread or pulls the threads with its posterior legs. 

Silk plays an important role in spider life and is put to 

a variety of uses, even in the many taxa that do not build webs 

to catch prey. Originally the function of silk was probably 

reproductive, and this remains one of its important functions. 
Spider eggs are always enclosed in a silken egg case (Fig. 18-22) 

and males spin a silk sperm web (Fig. 18-28A) as part of the 

process of transferring semen to the female. Most spiders contin- 
ually lay a dragline of dry, nonadhesive silk behind them as they 

move about (Fig. 18-23). At intervals it is fastened to the substra- 

tum with adhesive silk. Spiders are often observed suspended in 

midair at the end of a dragline after being dislodged from their 

substratum. Many spiders build silken nests beneath bark and 

stones, which they may use as retreats or in which they may 

overwinter. The nest can prevent flooding by trapping an air 

bubble around the spider. After hatching, the young of some 

species are carried aloft on air currents (ballooning) by means of 
a silken strand. Of course, the most familiar use of silk is the 

construction of webs (Fig. 18-24) for the capture of prey. 

Prey Capture 
Spiders, like most arachnids, are predatory and feed largely on 

insects, although small vertebrates may be captured by large 

spiders. The prey is caught in a silken snare (the web) by web- 

building spiders or is pounced on by members of the more 

active cursorial (running) spiders. 

FIGURE 18-22 The black widow, Latrodectus mactans, with a silk 
egg case. 

0 msec 

12 msec 

FIGURE 18-23 Tracings from motion picture frames of a jumping 

spider employing a dragline during a leap. Most of the force is 

provided by the rapid extension of the fourth pair of legs, which 

results from sudden elevation of blood pressure. Note that the 

dragline is anchored before and retained during the jump. (After 

photographs by Parry and Brown from Foehx, R. F 1982. Biology of Spiders. 

Harvard University Press, Cambridge, MA. p. 155.) 

The dragline may have been the precursor of the web. In 

the evolution of spiders, a simple dragline may have been 

gradually elaborated upon to produce the many types of snare 

webs used by modern web-building spiders. Most elaborate, 

and also most familiar, is the circular orb web constructed by 
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FIGURE 18-24 Stages in the construction of an orb web. The web is usually attached to vegetation by 

additional frame threads, but these have been omitted for clarity. 1 and 2, the first frame thread; 5, two frame 

threads and five radial threads; 7, the hub and the start of the catching spiral; 9, catching spiral about halfway 

completed. The free zone is not apparent in these drawings. See text for further explanation. (From Levi, H. VK 

1978. Orb-weaving spiders and their webs. Am. Sci. 66:734-742.) 

spiders in Araneidae (orb-web spiders), such as the common 

black-and-yellow garden spider. Most of the several types of 

threads of an orb web lie in a single plane (Fig. 18-24). 

A typical orb web consists of five distinct regions (Fig. 18-30C). 

(1) The central hub, or platform, consists of an irregular 

network of threads where the spider spends most of its time. 

(2) Radial threads extend like a sunburst outward from the 

hub to the frame. (3) A frame of single threads borders the 

periphery, frames the web, and attaches it to vegetation or 

other structural features of the environment. (4) The catching 

spiral is the most obvious part of the web. It is an adhesive 

thread that spirals outward from just outside the hub to the 

frame so that it occupies most of the space between the hub 

and frame. It crosses the radial threads repeatedly at close 

intervals and creates the meshwork of closely spaced threads 

in which flying insects are caught. Of all the web regions and 

thread types, only the catching spiral is sticky. 4 he spider 

carefully avoids touching this thread by using the radial 

threads to move across the web. (5) Between the hub and the 

catching spiral there is a free zone consisting solely of radial 

threads. Since there are no sticky threads here, the spider 

need not worry about catching itself. In this zone the spider 

can pass safely through the plane of the web from one side to 

the other. 

Eyesight is not well developed in web-building spiders, but 

their sensitivity to vibrations is exquisite. A web builder can 

determine from thread vibrations the size and location of the 

trapped prey, the identity of the prey, and its suitability as 

food, and many spiders respond to different stimuli with 

different attack patterns. 

The positioning and locations of webs are not random. 

Some species spin horizontal orbs to catch insects that fly up 

from underlying vegetation. Others have vertical webs at 

species-specific elevations to trap insects in horizontal flight. 

Thus, the same general habitat may support a number of 

species of orb weavers, which partition the food resource by 

trapping a different part of the insect community. 

Cursorial hunting species include wolf spiders, fishing 

spiders, crab spiders, jumping spiders, and many mygalo- 

morph spiders. Cursorial spiders are believed to be derived 

from web-building ancestors through loss of the web-building 

habit. Species that stalk their prey typically have heavier legs 
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than web builders, and most have a dense tuft of fine hairs 

behind the tarsal claws that aids in adhering to surfaces and in 

prey capture. These tufts, known as scopulae, are composed of 

setae whose ends are split into as many as 1000 branches, like 

a broom. This vastly increases the surface area each seta 

contacts on the substratum. Spiders with scopulae can walk up 

smooth vertical walls or glass and even upside down across 

a ceiling. The mechanism is not fully understood, but it 

appears to be due to adhesive forces between the seta and an 

extremely thin layer of water molecules on the substrate 

surface. Without this thin film, the scopulae cannot adhere. 

Some cursorial species roam, actively searching for insects, 

whereas others utilize a lie-in-wait strategy. Many cryptically 

colored crab spiders, for example, sit in flowers and ambush 

visiting insects. Many spiders walk or run over the surface of 

lakes and ponds to harvest insects trapped in the surface. Wolf 

spiders and jumping spiders roam and hunt for their prey, 

detecting it by tactile and visual stimuli, then pounce on it. In 

these and some other taxa, the eyes are highly developed and 

of primary importance in prey capture. 

Although most spiders are solitary, some degree of social 

organization has evolved in a few species in nine families. 

Social spiders share a communal web and cooperate in 

capturing prey. 

Nutrition 
Like most arachnids, spiders are carnivores that ingest 

liquid food after digestion in the preoral cavity. The diges- 

tive equipment thus includes the mouthparts and preoral 

cavity in addition to the gut. Mouthparts include the 

chelicerae, pedipalpal coxae (pedipalpal endites, palpal 

gnathobases), and labium (Fig. 18-18B). The foregut 

includes the mouth, pharynx, and esophagus. The midgut 

has an extensive system of branching digestive ceca and the 

hindgut is a short rectum. 

Unique to spiders are chelicerae equipped with poison 

glands opening at the tip of the fang (Fig. 18-20). Following 

capture, be it by web or ambush, spiders bite the prey with the 

chelicerae and inject it with poison. The glands themselves are 

located in the basal segment of the chelicerae and usually 

extend backward into the head. When biting, the fangs are 

raised and rammed into the prey. Simultaneously, muscles 

around the poison gland contract and fluid from the gland is 

discharged from the fang into the body of the prey. Chelicerae 

may also be used to hold and macerate the tissues during 

digestion. Being prehensile, they may have additional roles, 

such as carrying egg cocoons, digging, or stridulation. 

Most spider venom is not toxic to humans, but a few species 

have dangerous bites. Among these are the black widows 

(Latrodectus), which are found in most parts of the world, 

including the United States and southern Canada (Fig. 18-25A). 

Black widow venom is neurotoxic and, as in most spiders, com- 

posed of a mixture of several proteins. Although the initial bite 

may go unnoticed, the symptoms become severe and painful. 

They include pain in the abdomen and legs, high cerebrospinal 

fluid pressure, nausea, muscular spasms, and respiratory 

paralysis. Fatal cases are rare, however, and are more apt to 

result from incorrect diagnosis and treatment (such as removal 

of the appendix) than from the spider venom. Antivenin and 

other treatments are available. Black widows are smooth, glossy 

black with a globose abdomen and a distinctive red hourglass 

shape on the ventral surface of the abdomen. 

The recluse spiders, members of the genus Loxosceles, of 

which there are several species in North America, have a 

hemolytic venom and produce a persistent local necrosis, or 

ulceration, that spreads from the bite. The bite of Loxosceles 

reclusa, the brown recluse spider (Fig. 18-25B), which is found 

in the midwestern and southeastern United States, as well as 

in other regions in localized populations, can be dangerous. 

Loxosceles has six eyes in three pairs, rather than the eight of 

most spiders. It is a brownish spider 2 to 4 cm long with 

a dark, violin-shaped mark on the carapace. 

North American mygalomorph tarantulas (Fig. 18-25D), 

despite their size and reputation, are not toxic, but there are 

mygalomorphs, such as the Australian Atrax and the South 

American Trechona, both funnel-web builders, that are lethal. 

Many New World tarantulas (Theraphosidae), however, have 

defensive, urticating setae on the abdomen. These setae are 

heavily barbed, irritating, and readily penetrate the skin of 

potential predators, such as small mammals, that enter the 

tarantula’s burrow. In humans they may penetrate up to 2 mm 

into the skin and cause a rash and intense itching. 

Although all spiders begin digestion preorally, this may 

occur in two different ways. Some spiders puncture the other- 

wise intact prey and pump digestive enzymes from the midgut 

into it. They then suck the hydrolyzed fluid into the gut, leaving 

behind a nearly intact husk, which is discarded. Others use the 

chelicerae to macerate the prey into a shapeless mass and mix 

it with digestive enzymes from the midgut. Predigestion of this 

mass occurs in the preoral cavity formed of the chelicerae, pedi- 

palpal coxae, and labium. The pedipalpal coxae have a toothed 

edge used to lacerate the prey and mix it with digestive fluid. 

The hydrolyzed fluid is sucked into the gut and the amorphous 

wad of indigestible, primarily chitinous remains is discarded. 

In both types of digestion, the fluid is sucked into the midgut, 

passing through two setal filters to exclude particles. The first is 

a fairly coarse filter consisting mostly of setae on the pedipalpal 

endites and the second is a very fine filter with a mesh size 

of about 1 [xm in the pharynx. Suction is provided by the 

muscular pharynx and pumping stomach (Fig. 18-20), which is 

a specialized region of the posterior esophagus. 

The midgut and its digestive ceca fill almost the entire 

abdomen, as well as part of the cephalothorax (Fig. 18-20). 

Extracellular digestion is completed in the ceca and absorp- 

tion occurs here. The posterior midgut is expanded to form 

a cloacal chamber, or stercoral pocket, into which the 

Malpighian tubules empty. Digestive and excretory wastes are 

collected here and then egested from the anus through 

a short, sclerotized rectum. 

As an adaptation for predation and an uncertain, sporadic 

food supply, most spiders have relatively low metabolic rates, 

can tolerate prolonged starvation, and, because of the great 

capacity of the digestive ceca, can double their body weight 

with one feeding. 

Although spiders are important insect predators, they are 

preyed on by some insects as well as vertebrates. Two taxa of 

wasps hunt spiders as food for their larvae. Female wasps 

paralyze the spider with a sting and lay an egg on its body. 

Spider wasps (Pompilidae) put the paralyzed spider in an 
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FIGURE 18-25 Some North American spiders. A, Female black widow, Latrodectus mactans, hanging in 

its web. This species of the cosmopolitan taxon Latrodactus is found in the southeastern and midwestern 

United States, where it may be common. B, The brown recluse spider, Loxosceles reclusa, whose bite produces 

a necrotic wound that is slow to heal. C and D, Mygalomorph spiders. C, Trap-door spider capturing a beetle. 

D, Tarantulas from the southwestern United States. (A, From Kaston, B.J. 1970. Trans. San Diego Soc. Nat. Hist. 

16(3):33- 82.) 

underground chamber. Mud daubers (Sphecidae) put a num- 

ber of paralyzed spiders in a mud tube attached to elevated 

objects. The importance of vertebrate predation pressure on 

spider populations is indicated by the 10-fold increase in 

spider population densities on vertebrate-free islands. 

Gas Exchange 
Spiders have book lungs and/or tracheae for gas exchange. 

The primitive mesothelan and mygalomorph spiders have two 

pairs of book lungs located ventrally on the second and third 

abdominal segments (Fig. 18-19, 18-26A) and no tracheae. 

Most spiders, however, have a pair of anterior book lungs and 

a posterior set of tubular tracheae (Fig. 18-20), the latter 

derived from the second pair of book lungs. The spiracles of 

the tracheae have moved posteriorly and in most spiders open 

on the ventral midline at a single, posterior tracheal spiracle 

(Fig. 18-18B). In some spiders the anterior book lungs have 

also been converted to tubular tracheae and there are no lungs 

(Fig. 18-26B). A few spiders have sieve tracheae, either exclu- 

sively or in combination with tube tracheae (Fig. 18-26B). 

Spider tracheae are simple, branched or unbranched tubes 

supported by chitinous taenidia. 
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FIGURE 18-26 Spider respiration. A, Abdomen of a mygalomorph spider in ventral view, showing the 
spiracles of the two pairs of book lungs. B, Tracheal system of the caponiid spider Nops coccineus, in which the 
ancestral book lungs of segments 2 and 3 have been replaced by both types of tracheae. The two sieve tracheae 
in the figure are derived from the lungs of segment 2 and have conspicuous atria from which arise fine tubular 
lamellae. Each of the two tube tracheae consists of four large branched or unbranched tubes arising from a 
spiracle. The two lateral tubes are derived from the book lungs of segment 3, whereas the two median tubes 
arise from apodemes. (A, After Comstock; B, After Bertkau from Kaestner, 1963.) 

Internal Transport 
The spider hemal system (Fig. 18-20) is similar to that 

described for other arachnids such as scorpions. The heart, 

a dorsal tube in the anterior abdomen, is enclosed in a peri- 

cardial sinus and has only two or three pairs of ostia. 

Pulmonary sinuses surrounding the book lungs connect 

directly with the pericardial sinus via pneumopericardial veins 

(Fig. 18-20). 

Spiders use blood pressure to extend their legs, which have 

no extensor muscles. Spiders with a punctured cephalothorax 

cannot elevate their blood pressure to extend the legs and 

dead spiders have flexed legs. Jumping spiders (Salticidae) 

jump by suddenly elevating their blood pressure to forcefully 

extend the third or fourth pair of legs (Fig. 18-23). Leaps as 

great as 50 body lengths have been recorded. 

Excretion 
Nitrogenous end products are chiefly guanine, adenine, and 

uric acid, which are absorbed from the blood by Malpighian 

tubules and deposited in the cloacal chamber (Fig. 18-20) for 

incorporation into the feces. Primitive spiders (Mesothelae 

and Mygalomorphae), however, have two pairs of well- 

developed saccate nephridia in the cephalothorax. Their 

nephridiopores open on the coxae of the first and third 

walking legs. In derived spiders (Araneomorphae), only the 

anterior pair is present and usually it is degenerate. 

Spiders have other mechanisms for excreting nitrogenous 

wastes. The epithelium of the intestine and cloacal chamber is 

similar to that of Malpighian tubules and participates in the 

transfer of nitrogen from the blood to the gut lumen. Wander- 

ing nephrocytes absorb nitrogenous wastes, which are then 

transferred to the Malpighian tubules or the coxal glands. 

Guanocytes and interstitial cells located in the epithelium of 

the digestive ceca absorb and store guanine. 

Nervous System and Sense Organs 
The CNS is highly cephalized, with all segmental ganglia 

coalesced in the supraesophageal and subesophageal ganglia 

(Fig. 18-20, 18-7B) occupying most of the space in the 

cephalothorax. The branches of one or two abdominal nerves 

that extend from the subesophageal ganglion into the 

abdomen innervate abdominal structures, but the nerves are 

not ganglionated. 

Most spiders have eight eyes in four pairs (anterior median, 

anterior lateral, posterior median, and posterior lateral) on the 

anterior dorsal margin of the carapace (Fig. 18-27A). Each eye 

has a single lens that serves all its receptor units and there are 

no facets. Two types of eyes are present in spiders. The anterior 

median eyes, or main eyes, are median ocelli of the direct type 

(Fig. 18-27A, 18-8B). They do not have a reflective tapetum 

and are black. The main eyes usually are small, but in the 

jumping spiders they are very large (Fig. 18-27C). Six-eyed 

spiders have lost the main eyes. 

The anterior laterals, posterior medians, and posterior 

laterals (Fig. 18-27A) are secondary eyes. These indirect eyes 

are thought to have derived from the lateral compound eyes of 

the ancestral chelicerate, although they no longer retain the 

faceted construction of typical compound eyes (Fig. 18-8A). 

Secondary’ eyes usually have a tapetum of reflective pigment to 

improve vision in low light intensities, and they often appear 

pearly white due to this reflectivity. In some taxa, notably the 

hunting, cursorial wolf spiders, the reflective tapetum in their 
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FIGURE 18-27 Eyes. A, Anterior view of a spider, showing eight eyes 
arranged in anterior and posterior rows of four each, a pattern 
common to many taxa. B, Face of a wolf spider. The main eyes are the 
small anterior median eyes. The posterior median eyes are very large; 
the posterior lateral eyes are located over the carapace and cannot be 
seen. C, Eyes of a jumping spider. Note the tubular, telephoto structure 
of the large anterior median eyes, which are the main eyes. The rest of 
the eyes are secondary eyes. D, Visual fields of the eyes of a jumping 
spider (Trite planiceps). The posterior lateral eyes function in prey 
detection; the anterior median (main) eyes function in tracking the 

prey after swiveling the body in the prey's direction. The posterior 
median eyes are not shown. (A, After Kaston; C, Modified after Land, M. F. 

1969a. Structure of the retinae of the principal eyes of jumping spiders 

(Salticidae: Dendryphantinae) in relation to visual optics. J. Exp. Biol. 51:443; 

and after Land, M. F., 1969b. Movements of the retinae of jumping spiders in 

relation to visual optics. J. Exp. Biol. 51:443; and after Land, M. F. Movement 

of the retinae of jumping spiders (Salticidae: Dendryphantinae) in response to 

visual stimuli. J. Exp. Biol. 51:471; D, Modified from Forster, L. M. 1979. 

Visual mechanisms of hunting behavior in Trite planiceps, a jumping spider. 

N. Z.J. Zool. 6:79-93.) 

large posterior median eyes has developed to such an extent 

that these spiders can be located at night by using a flashlight 

to look for the eye shine. Jumping spiders, on the other hand, 

have no tapeta at all in their indirect eyes. 

Vision is far more important in cursorial, hunting spiders, 

such as jumping and wolf spiders, than in the sedentary web 

spinners, and the few studies of spider eyes have been mostly 

restricted to the jumping spiders (Salticidae), which have the 

most highly developed eyes. The eyes of some jumping spiders 

surpass those of all other arachnids. In these spiders, the eyes 

are situated over the surface of the anterior half of the carapace, 

resulting in a wide visual field (Fig. 18-27D) composed of the 

overlapping fields of the separate eyes. Secondary eyes detect 

movement whereas the main eyes of jumping spiders are capa- 

ble of forming an image. The large anterior median eyes (main 

eyes) of jumping spiders (Fig. 18~27C,D) are unique in having 

the photoreceptors arranged in four layers, each of which is 

believed to respond to different wavelengths of light. Whether 

this permits color recognition or greater contrast is uncertain. 

In cursorial spiders, eyes are important for detecting 

movement and locating and tracking prey. The main eyes of 

jumping spiders are capable of perceiving a relatively sharp 

image. The number of receptors is large, particularly in the 

main eyes, which have about 1000 photoreceptors. In many 

species of jumping spiders the depth of the anterior median 

eyes has increased, resulting in a somewhat tubular, telephoto 
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FIGURE 18-28 Male 
reproductive system. A, Male 
tetragrsath spider in a sperm web, 
filling pedipalps from a globule of 
semen. B, Simple pedipalp of 
Filistata hibernalis. C, The semen- 
containing part of the male 
pedipalp. This structure can be 
seen inside the pedipalp of 
Filistata (B). D, Left male pedipalp, 
the copulatory organ of Zos/'s 
geniculatus. The severed basal 
end of the pedipalp projects at 
the lower left corner. (A, After 

Gerhardt from Millot, 1949d; B and 
C, After Comstock.) 

structure (Fig. 18-2/C). Muscles attached at the rear can 

rotate the tubes around the visual axis. 

Spiders have a number of cuticular sensilla, including tubu- 
iai chemoreceptive setae on the tips of appendages, tactile 

setae, trichobothria, slit sense organs, and tarsal organs. The 

abundant setae, so conspicuous on many spiders, are probably 
all equipped with sensory dendrites. These sensilla are impor- 

tant sources of environmental information in all spiders, and 

in the sedentary, web-building spiders, they are much more 

important than the eyes. The funnel-web builder, Agelena, for 

example, can determine the position of prey by means of the 

ti ichobothria from a distance of 1 cm. Contact chemorecep- 

tive setae (taste receptors) are hollow and have an open distal 

end and 21 dendrites inside (Fig. 18-8C). Of the 21 dendrites, 

19 are chemoreceptors and 2 are mechanoreceptors. Taste 

receptors are concentrated on the pedipalps and the tarsi of 

the first legs. A spider touches an object to taste it. 

Spideis have the greatest development of slit sense organs 

of any arachnid. Slit sense organs in the joint between the 

tarsus and the metatarsus of web-building spiders are especially 

sensitive and enable the spider to discriminate vibration 

frequencies transmitted through the silk strands of the web or 
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even through the air. In species in which the spiderlings 

remain in the parental web after hatching, the parent can dis- 

criminate between its offspring and prey. The spider can also 

discern the size of the entrapped prey and even the kind of 

insect if it produces buzzing vibrations. The spiders themselves 

may produce vibration signals to communicate with other 

spiders. A male may tweak the strands of the female’s web, or 

a mother may produce vibration signals that are detected by 

her spiderlings. Tarsal organs, cuplike structures on the tarsi of 

the legs, probably are olfactory receptors for pheromones. 

Reproduction and Development 
Spiders are gonochoric and have internal fertilization with 

indirect sperm transfer like most arachnids. Unlike most 

arachnids, however, they do not use spermatophores, and the 

male uses pedipalps to transfer sperm to the female. Spiders 

are sexually dimorphic and males, often much smaller than 

females, have large, highly modified pedipalps (Fig. 18-28). 

There is variability in the reproductive anatomy of spiders and 

only the most common situation is described here. 

The ovaries consist of two elongate, parallel sacs located in 

the ventral part of the abdomen (Fig. 18-20). An oviduct exits 

the anterior end of each ovary and they join together to form 

a median, tubular, chitinous uterus (vagina) that opens via the 

single gonopore on the ventral midline, hidden in the epigas- 

tric furrow (Fig. 18-18B, 18-29B). Two seminal receptacles are 

connected with the uterus by fertilization ducts. Fertilization 

occurs in the uterus and eggs are deposited through the 

gonopore. In primitive spiders (Mesothelae and Mygalomor- 

phae) the male pedipalp is inserted directly into the gonopore 

to deposit sperm in the seminal receptacles. 

In derived spiders (Araneomorphae) the process is more 

complicated. Fertilization ducts are present, as in primitive 

spiders, but there is an additional set of ducts, the copulatory 

ducts, leading to the seminal receptacles from a pair of 

copulatory pores on the epigynum (Fig. 18-29B). The epigy- 

num is a ventral sclerite immediately anterior to the epigastric 

furrow (Fig. 18-18B, 18-29A). The embolus of the male pedi- 

palp (Fig. 18-28B,C) is inserted into the copulatory pore and 

extended along the length of the copulatory duct to the semi- 

nal receptacles, where sperm is expelled and stored indefinitely. 

Later, during fertilization, sperm move from the seminal 

receptacles to the uterus via the fertilization ducts to fertilize 

eggs in the uterus. 

In the male there are two large, tubular testes in the 

abdomen. A convoluted sperm duct exits each testis and opens 

at a common gonopore on the ventral midline in the epigastric 

furrow, as in the female. The intromittent organs, which are 

the highly modified tips of the pedipalps, are remote from the 

gonopores. The pedipalpal tarsi are extremely complicated 

(Fig. 18-28B,C,D), but the essential features are the sperm 
reservoir, a duct, and an embolus, the latter being the 

intromittent organ. Sperm is stored in the reservoir. 

Prior to courtship and mating the male spins a small 

sperm web, into which he ejaculates a droplet of sperm from his 

gonopore (Fig. 18-28A). He then dips the tip of the pedipalp 

into the sperm droplet and fills the reservoir. With the pedipalp 

thus charged, he goes in search of a receptive female. 

The highly predatory habits of spiders make identification 

of the sexual partner especially important so the female does 

not mistake the male for food. To this end, highly complex 

precopulatory behavior patterns have evolved in many species. 

Chemical and tactile cues are of primary importance. On 

encountering a dragline or web, a male spider may use chemi- 

cal cues to determine if it was produced by a mature female of 

his species. The same cues may initiate courtship behavior. 

Females respond to a variety of cues produced by the male. 

In the web builders, the male may pluck the strands of webbing, 

producing vibrations that are detected and recognized by the 

female. Orb-weaver males pluck a radial thread held by the 
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FIGURE 18-29 The reproductive system of a female spider. A, The epigynum, a sclerotized plate bearing 

the reproductive openings of a female Philoponella republicana. B. The reproductive system of a female spider. 

During copulation the embolus of the male pedipalp is inserted into a copulatory pore, then through the 

copulatory duct to the seminal receptacle. From there the fertilization duct carries the sperm to the uterus, 

where fertilization occurs as the eggs are released through the gonopore. (B, Redrawn from Kaestner, A. 1968. 

Invertebrate Zoology. Vol. II: Chelicerata. John Wiley and Sons, New York. 472 pp.) 
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FIGURE 18-30 Reproductive behavior. A, Mating position of Chiracanthium (male is shaded). B.. Courting 
posture of the male jumping spider Gertschia noxiosa. C, Web morphology and courtship behavior of some orb 
weavers. The male (silhouette) vibrates the mating thread he has attached to the female's web. The female leaves 
her position in the hub and moves onto the mating thread, where copulation occurs (star). (A, After Gerhardtfrom 

Kaston; B, After Kaston; C, From Robinson, M. H., and Robinson, B. 1980. Comparative Studies of the Courtship and Mating 

Behavior of Tropical Araneid Spiders. Pacific Insects Monograph 36. Bishop Museum Press, Honolulu.) 

female or a mating thread that he has attached to the female’s 

web (Fig. 18-30C). Species identity is encoded in the number, 

h equency, and intensity of plucks. In some species the male is so 

small he is not considered worth eating and the female ignores 

him as he clambers over her body, going about his business. 

Cursorial hunting spiders employ other courtship behaviors. 
The appioach may be direct, with the male pouncing on the 

female and palpating her body with his pedipalps and legs, 

causing hei to fall into an immobile state. Some male wolf 

spiders stridulate with a hie and scraper located in the tibio- 

tarsal joint of the palp. During oscillations of the joint, a group 
of heavy spines at the tip of the palp maintain contact with the 

substratum and the female detects the vibrations through 

the substratum, rathei than as airborne pressure waves. 

In taxa with well-developed eyesight, such as the jumping 

spiders, visual cues are also important, and courtship takes 

the form of dancing and posturing by the male in front of the 

female (Fig. 18-30B). This involves various movements and 

the waving of appendages, which are often brightly colored. 

Such behavior is highly developed and has been studied most 

extensively in the colorful jumping spiders. 

On attaining the proper position vis-a-vis the female, the 

male usually scrapes her epigynal surface rapidly with his palp 

until the appropriate parts on the palp and epigynal plate 

connect. Then the palp quickly becomes engorged with 

blood, driving the embolus through the copulatory pores into 

the copulatory duct to the seminal receptacle, where sperm is 

deposited (Fig. 18-30A). 

Some time after mating, the female lays up to 3000 eggs 
in one or more silk egg cases. The female spins a small 

basal sheet and a cuplike well. The eggs are fertilized with 

speim fiom the seminal receptacles. The fertilized eggs are 

extruded through the gonopore and placed in the silken 

cup. The female then covers the eggs with another sheet of 

silk and the entile mass is often given yet another covering 

of silk to produce a spherical egg sac. The egg sac is 

attached to the web, hidden in the* spider’s retreat, carried 

in the chelicerae, or attached to the spinnerets and dragged 

about behind the mother. In many spiders the female dies 

after completing the egg sac, whereas in others she may 

produce a seiies of cases and may remain with the young as 

they hatch. 
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The spiderlings hatch inside the egg sac and remain there 

until they complete the first molt. Upon exiting the egg case 

the spiderlings of many species engage in ballooning, which 

disperses the species. A little spider climbs to the top of a twig 

or blade of grass and spins a strand of silk. When an air 

current tugs on the strand, the spider releases its hold and is 

carried away by the wind. 

Some spiders care for their young. The female wolf spider 

carries the young on her back. The mother’s dorsal abdominal 

surface is covered with special knobbed, spiny setae that aid in 

the attachment of the young. The spiderlings gradually leave 

the mother and disperse. The mother does not feed while 

carrying the young. 

Although some of the tarantulas (mygalomorph spiders) 

have lived in captivity for as lqng as 25 years, most spiders 

live only 1 to 2 years. The number of molts required to 

reach sexual maturity varies, depending on the size of 

the species. Large species undergo up to 15 molts before the 

final instar, whereas tiny species molt only a few times. 

Almost half of temperate species overwinter as immatures, 

usually in soil or leaf litter, and the other half overwinter 
as egg,s or adults. Some overwinter in whatever stage they 
are in when winter arrives. Temperature and photoperiod 

are the primary controlling factors in determining the pat- 

tern of the life cycle. 

Diversity of Araneae 
Mesothelaes°: Abdomen has segmental tergites and ster- 

nites (Fig. 18-19). Seven or eight spinnerets, the first located 

at the level of the second pair of book lungs. Orthognath 

chelicerae. About 40 extant species in one taxon, the tropi- 

cal Asian Liphistiidae. Liphistius, Heptathela. 

MygaIomorphaes° (Orthognatha; Fig. 18-25C,D): Abdomi- 

nal segmentation not externally apparent. Two pairs of book 

lungs. Six spinnerets. Fangs are orthognath, moving in 

a plane parallel to the long body axis. Includes tarantulas, 

bird spiders (both Theraphosidae; Aphonpelma, Avicularia, 

Theraphosa), purse-web spiders (Atypidae; Atypus), funnel-web 

spiders (Dipluridae; Atrax, Diplura, Euagrus, Hadronyche, 

Trechono), and trap-door spiders (Ctenizidae; Bothryocyrtum, 

Cteniza, Cyclocosmia, Ummidia). Most stalk or ambush prey, 

a few are web builders. Many are very large. Atrax robustus, 

with fangs that can penetrate a fingernail, is said to be 

the world’s deadliest spider. About 2200 extant species in 

15 families, many North American. 

Araneomorphaes0: Fangs are not orthognath. Abdomen is 

not segmented. One pair of book lungs in most species. 

Cribellum and calamistrum present primitively, but lost in 

most. 90 families with 32,000 species. 

Palaeocribellatae10: Cribellate. Fangs are diagonal, inter- 

mediate between orthognath and labidognath. Two pairs of 

book lungs. Epigynum absent. One family. 

HypochilidaeF: Oval cribellum on a cone. Calamistrum has 

two rows of setae. Eight eyes. Nine species. Ectatosticta, 

Hypochilus. 

Neocribellatae'0 (Labidognatha): Fangs are labidognath, 

moving at right angles to the long axis of the body. Females 

usually have an epigynum. One or no pairs of book lungs; 

at least one pair of tracheae. 

DysderidaeF: Large, primitive spiders. Short legs. Six 

eyes in two rows of three; anterior median eyes are 

absent. Book lungs and tracheae; lungs have few leaves; 

two pairs of spiracles close together. No epigynum. 

Dysdera, Sergestria. 

FilistatidaeF: Small cribellum and reduced calamistrum. 

Large, branched poison glands, eight eyes. Kukulcania (also 

known as Filistata) hibernalis, the southern house spider, is 

sometimes confused with the brown recluse. 

ScytodidaeF: Spitting spiders. Six eyes in three pairs. Three 

tarsal claws. Carapace is highly arched to accommodate 

large poison and salivary glands. Cursorial nocturnal 

hunters. Squirt glue from chelicerae up to 20 mm to 

entangle prey or predators; harmless to humans. Scytodes. 

SicariidaeF: Includes the recluse spiders (Fig. 18-25B). Six 

eyes in three pairs, posterior laterals are absent. Cursorial 

nocturnal hunters that build loose diurnal refuges in dry, 

dark areas. The bite of the brown recluse, Loxosceles reclusa, 

and others produces serious necrotic lesions. Sicarius 

largely restricted to the Southern Hemisphere. Loxosceles, 

Sicarius. 

PholcidaeF: Daddy longlegs spiders. Long legs, resemble 

harvestmen. Small chelicerae. Spin small webs of tangled 

threads in sheltered recesses. Several species are common 

in houses and, with other web-building house dwellers, are 

responsible for cobwebs. Holocnemus, Pholcus, Physocyclus, 

Spermophora. 

CaponiidaeF: Book lungs are absent, replaced by tracheae; 

two pairs of spiracles. Usually have only two eyes (ante- 

rior median). Small chelicerae. Cursorial. Caponia, Nops, 

Tarsonops. 

MimetidaeF: First legs have a row of long, curved setae. Prey 

on other spiders. Cursorial, do not make webs. Sometimes 

ambush and sometimes invade the web of the prey. Ero, 

Meta. 

UloboridaeF: Cribellate. Lack poison glands and venom. 

Orb webs made at least partially of cribellate silk, usually 

positioned horizontally. Some social species have webs in 

dense colonies. Philoponella, Uloborus, Zosis. 

DinopidaeF: Ogre-faced spiders. Eight eyes in three rows; 

anterior median eyes are enormous and face anteriorly. 

Dinopis, Menneus. 

TheridiidaeF: Comb-footed spiders. Large taxon of noctur- 

nal, irregular web builders. Includes the venomous black 

widow, Latrodectus (Fig. 18-22, 18-25A), as well as the 

common house spider Achaearanea tepidariorum, which 

resembles a black widow. Steatoda, Theridion. 

LinyphiidaeF: Sheet-web spiders. Webs are horizontal sheets 

or bowls, sometimes in vegetation. Many tiny species in leaf 

litter. Linyphia, Erigone, Halorates. 

TetragnathidaeF: Orb weavers similar to Araneidae, but 

their posterior median eyes lack a tapetum. Pachygnatha, 

Tetragnatha (Fig. 18-28A). 

Araneidae. Orb-web spiders. Posterior median eyes have a 

tapetum. Many are large and colorful, such as the black- 

and-yellow garden spider, Argiope. Araneus, Gasterac.antha, 

Gea, Neoscona, Nephila. 

LycosidaeF: Wolf spiders. Fast, hairy, dull brown or black, 

cursorial hunters. Posterior median eyes are the largest of 

the eight eyes (Fig. 18-27B). Three tarsal claws. Lycosa 
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tarentula is the Mediterranean tarantula. Common 

members of the nocturnal ground fauna. Arctosa, Lycosa, 

Pardosa, Pirata. 

PisauridaeF: Fishing and nursery spiders. Large cursorial 

hunters similar to wolf spiders, but with longer legs. 

Common around fresh water and move efficiently on, and 

sometimes under, the water surface to capture prey. 

Dolomedes, Pisaura, Thalssius, Tinus. 

AgelenidaeF: Funnel weaver, or grass, spiders. Spin sheet 

webs with a funnel-shaped retreat. Prey are captured on the 

sheet. Web is constructed in dense vegetation, in crevices of 

logs or rocks, and in houses. Easily visible, especially in 

grass covered with dew. Agelena consociata is social. Agelena, 

Agelenopsis, Desis, Hololena, Tegenaria. 

ArgyronetidaeF: One species. The Eurasian Argyroneta 

aquatica is the world’s only aquatic spider. Cursorial, lives 

and hunts beneath the water surface. Captures aquatic 

insects, then consumes them in a retreat consisting of an 

air bubble in a dome-shaped web. Air is replenished from 

the surface by bubbles trapped in abdominal hydrofuge 

pubescence. 

OxyopidaeF: Lynx spiders. Diurnal hunters in low vegeta- 

tion. Capable of jumping onto prey. Good vision, eyes form 

a hexagon. Long, thin, spiny legs with three tarsal claws. 

Oxyopes. 

ClubionidaeF: Sac spiders. Build a cocoonlike silk retreat, 

sometimes incorporating a folded leaf. Large spinnerets. 

Nocturnal hunters. Chiracanthium (Fig. 18-30A) has 

a painful but not lethal bite and is often found indoors. 

Two tarsal claws. Clubiona, Scotinella, Trachelas. 

ThomisidaeF: Crab spiders. Cursorial ambush predators, 

often brightly colored and living on flowers. Sideways 

movement is crablike. Long, raptorial anterior legs are 

held outstretched like crab chelipeds. Carapace is about as 

wide as it is long. Two tarsal claws. Aphantochilus, Synema, 

Thomisus, Xysticus. 

SalticidaeF: Jumping spiders. The largest spider family. 

Cursorial, heavy-bodied, furry, diurnal, jumping hunters. 

The males of many species are brightly colored. Excellent 

vision. Abundant in temperate and tropical regions, 

common in houses. Two tarsal claws. Corythalia, Gertschia 

(Fig. 18-30B), Menemerus, Neon, Phidippus, Salticus, Trite. 

PALPIGRADI0 

The 70 known species of palpigrades are mostly less than 

1.5 mm in length and none are larger than 3 mm. Microwhip 

scorpions (Fig. 18-31) are blind, interstitial soil arachnids 

occurring primarily in tropical and subtropical habitats but also 

in European subterranean environments. Many of their 

unusual characteristics, including their size, are adaptations for 

life in small spaces. 

The cephalothorax is divided into a large anterior region of 

four fused segments covered by the carapace and two 

independent posterior segments covered by separate tergites. 

The chelicerae are three-articulate. A similar division of the 

cephalothorax is seen in the schizomid uropygids, which live in 

similar habitats, and the resemblance is thought to be a conver- 

gent adaptation to increase flexibility for moving in small spaces. 

FIGURE 18-31 The paipigrade Eukoenenia. (After Kraepelin and 

Hansen from Millot, 1949e.) 

The abdomen is composed of an eight-segmented preabdomen 

and a postabdomen of three segments. The postabdomen termi- 

nates with a long, antenniform flagellum. The peclipalps are 

relatively large and leglike. The first legs are antenniform and 

have a sensory role. Both pairs of book lungs have been lost, 

and palpigrades are not known to have respiratory organs. 

Malpighian tubules are absent, but one pair of saccate nephridia 

is present. Eyes are absent and the chief sensilla are trichobo- 

thria. The hemal system is reduced, but includes a tubular heart. 

Sperm transfer is indirect and employs a spermatophore. 

PSEUDOSCORPIONES0 

This taxon consists of small arachnids (Fig. 18-32) rarely 

exceeding 7 mm in length and usually less than half that. 

Pseudoscorpions are widespread in leaf litter (Fig. 18-35), under 

bark, in soil, and in moss and debris, where they are seldom 

noticed despite being very common. One species, Chelifer 

ccincroides, lives in human houses and is known as the book 

scorpion. About 2500 species are known worldwide. This distinct 

and homogeneous taxon has no close ties to other arachnids, 

except possibly the solifuges. Their resemblance to true scorpi- 

ons is superficial and due solely to their common (convergent) 
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FIGURE 18-32 Pseudoscorpiones. Dorsal (A) and ventral (B) views of the pseudoscorpion Chelifer cancroides 
(male), showing the external structure. (After Beier from Weygoldt, P. 1969. Biology of Pseudoscorpions. Harvard 

University Press, Cambridge, MA.) 

possession of large chelate pedipalps. Pseudoscorpions move 

rapidly backward, although some also move forward and some, 

sideways. They exhibit a phenomenon known as phoresy, in 

which they grasp the leg of an insect with their pedipalps and 

hitch a ride as it flies to a new habitat. 

Form 
The cephalothorax is covered dorsally by a solid, undivided 

carapace and laterally by the soft, unsclerotized pleural 

membrane. Dorsally are usually one or two pairs of white 

lateral eyes at the anterolateral corners of the carapace (Fig. 

18-32A). Anteriorly the cephalothorax has a pair of short, 

chelate chelicerae (Fig. 18-32), which bear silk-producing 

spinnerets. The chelicerae consist of only two articles that are 

used to masticate the prey or to simply tear a hole in it to 

introduce enzymes. The second pair of appendages is the 

large and conspicuous pedipalps (Fig. 18-32). Each consists of 

six articles, the last two of which form a chela. Poison glands 

in one or both fingers open at pores at the tip of the finger (s). 

The pedipalps are used to capture and kill food, build nests, 

court, fight, and receive sensory information. Four pairs of 

walking legs arise from the cephalothorax. Ventrally the 

cephalothorax is covered by the five pairs of coxae belonging 

to the pedipalps and legs. These coxae replace the absent 

sterait.es as the ventral covering of the cephalothorax (Fig. 

18-32B). The large pedipalpal coxae (endites) form the floor 

of the preoral cavity. 

The junction between the cephalothorax and abdomen is 

broad — usually as wide as the cephalothorax—although in 

some species it is slightly narrowed. As in scorpions, the 

abdomen is conspicuous and lacks locomotory appendages. 

Dorsally its 12 segments are covered by 11 conspicuous tergites 

(Fig. 18-32A), which may be whole or divided into right and 

left halves. Each tergite is surrounded by flexible, unsclerotized 

exoskeleton. Ventrally the abdomen bears 11 large sternites 

(Fig. 18-32B). Segment 1 lacks a sternite. The sternites of 

segments 2 and 3 are fused to form the genital operculum. 

Paired gonopores open through the genital operculum and 

the anus is terminal on the tiny 12th segment. Two pairs of 

tracheal spiracles are located laterally, on the posterior edges 

of sternites three and four. 

Internal Form and Function 
Pseudoscorpions feed on small arthropods such as springtails 

and mites, which are captured, killed or paralyzed by the 

poisonous pedipalps, and then transferred to the chelicerae. In 

primitive pseudoscorpions such as Neobisium and Chthonius, the 

chelicerae masticate the food into a pulp as digestive fluid from 

the midgut floods onto it. External digestion takes place in the 

preoral cavity located between the bases of the chelicerae and 

the pedipalpal coxae (Fig. 18-33). In derived taxa, the 

chelicerae tear a hole in the prey and digestive fluid is injected 

into the hole and then sucked back into the gut after the tissues 

are liquefied. In these species, the preoral cavity functions like 

a syringe, injecting digestive fluid into the prey. 

The muscular pharynx sucks the fluid into the midgut, 

leaving a dry, masticated husk behind. The spacious midgut, 

with its several large ceca, occupies most of the interior of the 

abdomen and is the site of enzyme secretion, hydrolysis, 

absorption, and storage. Glycogen and lipids are stored in 

midgut cells, and pseudoscorpions can subsist on these 

reserves for months after feeding. A short hindgut extends 

from the midgut to the anus at the tip of the anal cone. 

Gas exchange is via tracheae opening at two pairs of 

spiracles on abdominal segments 3 and 4. The heart is a dor- 

sal tube in segments 1 through 4 of the abdomen (Fig. 

18-33). It has one, two, or four pairs of ostia. The single pair 

of saccate nephridia have nephridiopores between the coxae 

of legs 3 and 4. Although there are no Malpighian tubules, 

guanine granules formed in the digestive ceca are released 

into the gut lumen and eliminated through the anus. 

Nephrocytes are present and the silk glands may excrete 
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FIGURE 18-33 Sagittal section of the pseudoscorpion Neobisium. (Redrawn from Weygoldt, 1969. Biology 

of Pseudoscorpions. Harvard University Press, Cambridge, MA.) 

guanine. The CNS is typically arachnid and strongly cephal- 

ized, filling most of the cephalothorax (Fig. 18-33). All 

segmental ganglia are concentrated in the subesophageal 

ganglion. Pseudoscorpions usually have one or two pairs of 

lateral eyes, but occasionally have none. Most species 

probably have well-developed chemoreceptive senses, but the 

most important sense is undoubtedly the detection of faint 

air currents by the trichobothria. This is the major sense 

used in locating and capturing prey, allowing pseudoscorpi- 

ons to detect prey from as far away as 15 mm. 

Pseudoscorpions are gonochoric, with courtship varying 

from nonexistent to elaborate. The gonad is a single median 

tube in the abdomen lying between the midgut and its ven- 

tral cecum (Fig. 18-33). It connects by a pair of gonoducts to 

two gonopores located between sternites 2 and 3 on the an- 

terior abdomen. Sperm are transferred in spermatophores, 

but the process employed is variable. Typically, the male 

presses his gonopore to the ground and then lifts himself 

high above the ground and extrudes a spermatophore as he 

rises (Fig. 18-34A,B). The resulting spermatophore is at the 

end of a long, slender stalk. An interested female steps over 

(or is maneuvered over by the male) the spermatophore 

and removes the sperm with her gonopore. She stores the 

sperm and fertilization does not occur until oviposition at 

some later time. 

Differences in the process of sperm transmission provide 

clues regarding the evolution of indirect sperm transfer by 

spermatophores in arachnids. In the simplest, most primi- 

tive, and most wasteful (of sperm) method, the male simply 

leaves his spermatophores scattered about whether or not 

a female is present. A female may happen upon one of them, 

be attracted to it chemotactically, and acquire its sperm. 

Many of these spermatophores are never found and are 

wasted. In more derived species, the male produces 

spermatophores only when a female is present. In the most 

derived species the two sexes perform a complicated mating 

dance that assures that the spermatophore will have a willing 

recipient (Fig. 18-34C). 

Females brood and nourish the eggs externally, but there is 

no placenta. Depending on the species, from 2 to more than 

50 young may be brooded. The female constructs a brood nest 

of silk and other materials. She lives in the nest and releases 

eggs into a membranous brood sac attached to her gonopores 

(Fig. 18-34D). Development takes place within the sac. The 

eggs are microlecithal, having little yolk, and a nutritive fluid 

produced by the ovary nourishes the developing embryos in 

the sac. The female remains in the nest until the first instar 

juveniles (protonymphs) hatch from the eggs. She then leaves 

the nest but continues to brood the juveniles in the brood sac. 

The young emerge from the brood sac during the third instar 

as tritonymphs. 

The life cycle includes three juvenile instars (protonymph, 

deutonymph, and tritonymph) and the adult. Adults do not 

molt. Development is direct and juveniles are similar to adults 

but smaller. Maturity is reached in a year or less, and individuals 

may live two to five years. Temperate species may produce several 

generations a year. Pseudoscorpions sometimes overwinter in a 

silk nest. All pseudoscorpions inhabit small crevices (Fig. 18-35). 

SOLIFUGAE0 

Solifuges form a taxon of about 800 to 1000 tropical and 

semitropical arachnids, sometimes called sun spiders because 

of their spiderlike appearance and diurnal habits or wind 

spiders because of the great speed of the males (Fig. 18-36). 

In the United States, a few species have been found in Florida 

and more than 100 have been found in the southwest, some 

as far north as Colorado. Many solifuges are common in 

warm, arid regions of the world, but they are also known from 

grasslands and forests. Solifuges hide under stones and in 

crevices and many dig burrows (Fig. 18-36). Their length 

ranges from a few millimeters to as much as 7 cm. The 

cephalothorax is covered dorsally by a large anterior carapace 

bearing a pair of closely placed median eyes on the anterior 

border and a short posterior carapace, or tergum. The hinge 
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FIGURE 18-34 Pseudoscorpion reproduction. A-C, Courtship and sperm transmission in Chelifer cancroides 
(female on the left, male on the right). A, Male producing a spermatophore. B, Spermatophore attached to the 
substratum. C, Male pressing the female down onto the spermatophore. D, Female of C. cancroides carrying 
embryos. (All after Vachon, M. 1949. Traite de Zoologie. Vol. VI. Masson et Cie, Paris.) 

FIGURE 18-35 Section through a bit of leaf litter showing 
a few of its many, mostly arthropod, inhabitants. 
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Eyes 

FIGURE 18-36 Solifugae. A, North African solifuge Galeodes arabs. Four racquet organs are visible on the 
fourth leg. B, Cephalothorax of the solifuge G. graecus (lateral view). (A, After Millot, J., and Vachon, M. 1949b. 

Traite de Zoologie. Vol. VI. Masson et Cie, Paris; B, After Kaestner, 1968, from Millot and Vachon, 1949b.) 

between the anterior and posterior carapaces is flexible. The 

segmented abdomen is large and joined to the cephalothorax 

by a slightly narrowed waist. 

Most distinctive are the enormous chelicerae, which extend 

in front of the cephalothorax and can be directed upward by 

flexing the hinged cephalothorax (Fig. 18-36). It has been 

said that, relative to their size, solifuges have the largest jaws in 

the animal kingdom. Each chelicera is composed of two 

articles forming a pincer whose finger moves in the vertical 

plane. Each chelicera has a stridulating organ on its inner 

surface. Long, leglike pedipalps terminate in an adhesive disc 
that is not apparent unless it is everted. Their pedipalpal 

coxae are gnathobases that macerate the food prior to 

external digestion. The first legs are used as antennae and the 

remaining three pairs are used for running. The segmented 

abdomen is large, soft, ovoid, and distensible. It is broadly 

connected with the cephalothorax and has obvious tergites 

and sternites on its segments. No telson is present. 

Solifuges are carnivorous or omnivorous, with termites 

forming an important part of the diet of many American 

species. Sensory pedipalps locate the prey and the chelicerae 

kill it and tear apart the tissues. For gas exchange the animal 

uses highly branched tracheae not derived from book lungs 

and apparently evolved independently. Solifuge tracheae are 

more like those of insects than of arachnids. Excretion is 

accomplished by a pair of saccate nephridia, nephrocytes, and 
two Malpighian tubules. The heart extends from the abdomen 

into the cephalothorax and has eight pairs of ostia, two of 

which are in the cephalothorax. The nervous system consists 

of the usual brain and subesophageal ganglia, but the latter 

does not include all the abdominal ganglia. Instead, the 

ganglia of the posterior abdomen are coalesced to form a 

ganglion in the anterior abdomen. Two to five sensory racquet 

organs (malleoli) are present on the coxa and trochanter of 

the fourth legs. 

In some solifuges sperm transfer is indirect with 

spermatophores. The male seizes the female and places her in 

a passive state by a brief period of stroking and palpation. The 

male turns the female over and opens her genital orifice with 

his chelicerae. He emits a spermatophore onto the ground, 

picks it up with his chelicerae, and inserts it into his partner’s 

genital orifice. The entire act takes only a few minutes and the 

male then leaps away. In American solifuges, sperm transmis- 

sion is direct, with sperm passing from male to female gono- 

pores without a spermatophore. 

OPILIONES0 

Opiliones, or Phalangida, contains the familiar long-legged 

arachnids known as daddy longlegs or harvestmen (Fig. 18-37). 

The 5000 or more described species live in temperate and 

tropical climates and most prefer humid habitats. Harvestmen 

are abundant in vegetation, on the forest floor, on tree trunks 

and fallen logs, in humus, and in caves. They do not produce 

silk or toxins and they do not bite, although they may (rarely) 

pinch. The widespread belief that harvestmen have a highly 

toxic venom is due to their being confused with pholcid 

spiders, which also go by the name “daddy longlegs.” These spi- 

ders resemble harvestmen but have a potent toxin, although 

their chelicerae are too small and weak to envenomate 

humans. Most harvestmen are predators but, unlike almost 

all other arachnids, many are herbivores, and many feed on 

dead organic material. Also unlike other arachnids, they are 

capable of ingesting particulate food. In fact, since the pharynx 
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FIGURE 18-37 Opiliones. Dorsal view of a harvestman on a leaf. 

lacks the usual setal filter, this cannot be avoided. The aver- 

age bocly length is 5 to 10 mm, exclusive of the legs, but some 

tropical giants reach 22 mm and have a leg length of 

160 mm. Some tiny, short-legged, mitelike species are less than 

1 mm in length. Most species are shades of brown, but some 

are red, orange, yellow, green, or spotted. Some have spiny 

bodies (Fig. 18-38B). 

The cephalothorax is broadly joined to the short, segmented 

abdomen with no constriction between the two (Fig. 18-38). 

As a result, the body is ovoid. Dorsally the cephalothorax is 

completely covered by a carapace, in the center of which is an 

eye tubercle with a median eye on each side. Lateral eyes are 

absent. Along the anterolateral margins of the carapace are the 

openings to a pair of repugnatorial glands, which produce 

repellant secretions, often quinones and phenols, with an acrid 

odor. Some species spray intruders with this substance and 

others pick up a droplet of secretion mixed with regurgitated 

gut fluid and thrust it at a would-be predator. Ventrally the 

cephalothorax is covered by the coxae, labium, and sternites. 

The small, slender chelicerae have three articles, with the 

second and third forming a chela (Fig. 18-38). The pedipalps 

usually are leglike, but in one large taxon they are raptorial and 

enlarged for capturing prey with a sicklelike claw. The pedipal- 

pal coxae have gnathobases. 

The legs of opilionids may be as short as those of spiders, 

but usually they are extremely long and are the hallmark of 

the taxon (Fig. 18-37). According to the English arachnologist 

Theodore Savory, the study of harvestmen is a study of legs. 

Each leg has the usual seven articles, but contributing to its 

length is the multisegmented tarsus, which in some species 

has hundreds of tiny articles that make it flexible and 

whiplike. Typically the second legs are the longest and are 

sensory and used as antennae, with the animal moving them 

about over the substratum, often in front of it. When 

disturbed, opilionids can move rapidly, and species living in 

vegetation can climb by wrapping the flexible tarsus around 

stems or blades of grass. Self-amputation (autotomy) of a leg is 

an important means of defense against predators, although 

legs cannot be replaced after being lost. Because of the length 

of their legs, harvestmen are very effective at maneuvering 

over uneven terrain. 

The abdomen is segmented with some independent tergites 

and sternites (Fig. 18-38B) and its exoskeleton is sclerotized 

and hard. The first three to eight abdominal tergites typically 

are fused to form a single dorsal shield, which is usually fused 

with the carapace. Posterior tergites and sternites are free and 

unfused (Fig. 18-38B). The anus is terminal. 

In general, harvestmen are predatory, but scavenging is 

more important for them than it is for other arachnids. North 

American and European opilionids have been observed 

feeding on small invertebrates, dead animal matter, and pieces 

of fruits and vegetables. Predatory species feed on other small 

arthropods and some feed on snails. Food is seized by the 
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FIGURE 18-38 Opiliones. A, The opilionid Leiobunum flavum, with only the bases of the legs shown 
(dorsal view). The abdomen of this species is not as conspicuously segmented as that of many other opilionids. 
B, Lateral view of an opilionid whose abdomen bears two large spines. The legs have been removed to reveal 
the body. (A, After Bishop.) 
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pedipalps and passed to the chelicerae, which hold and crush 

it. Unlike other arachnids, the ingested food is not limited to 

liquid material, but includes small particles. Thus, a greater 

part of digestion must take place in the midgut. The mouth is 

preceded by the preoral cavity, which is bounded dorsally by 

the labrum, ventrally by the labium, and laterally by the 

gnathobases of the pedipalps and first legs. 

Nephrocytes and one pair of saccate nephridia are used for 

excretion, and Malpighian tubules are absent. Gas exchange 

takes place through tracheae, which probably are not homolo- 

gous with those of other arachnids. The spiracles are located 

on each side of the first abdominal segment. In many active, 

long-legged harvestmen, secondary spiracles on the tibia of 

the legs provide oxygen to the distal parts of the leg. The 

heart has two pairs of ostia. The central nervous system is 

strongly cephalized, with all segmental ganglia coalesced in 

the subesophageal ganglion. 

Opilionids are gonochoric and have internal fertilization 

with direct sperm transfer. Gonads are paired but coalesced 

posteriorly to form a U-shaped organ. The two gonoducts join 

before reaching the gonopore on the ventral cephalothorax. 

In both sexes the gonoduct is a long tube with an external 

extension. In the male the extension is a penis and in the 

female it is an ovipositor. Mites are the only other arachnids to 

possess a penis or ovipositor. Mating is not preceded by an 

elaborate courtship. The male in many species faces the 

female and projects the tubular penis between the female’s 

chelicerae to the gonopore, where it deposits sperm. Shortly 

after mating, the female deposits eggs in humus, moss, rotten 

wood, or snail shells. The number of eggs laid at one time 

ranges into the hundreds, and several batches are laid during 

the lifetime of a female. In temperate regions the life span is 

only one year. An individual may overwinter in the egg or 

as an immature instar. The name “harvestman” refers to some 

common temperate species that appear in large numbers 

in the fall. 

RICINULEI0 

Ricinulei includes about 75 species of small, uncommon 

arachnids known as tick spiders (Fig. 18-39B) found in Africa 

(Ricinoides) and the Americas (Cryptocellus) from Brazil to the 

southern United States, where they have been collected from 

leaf litter and in caves. Ricinuleids are heavy-bodied and 

small, measuring up to 10 mm in length. The cuticle is very 

thick, heavily sclerotized, and often sculptured. Attached to 

the anterior margin of the carapace is a unique, hoodlike 

cucullus that can be raised and lowered (Fig. 18-39A). When 

lowered, it covers the preoral cavity, mouth, and chelicerae. 

Ricinuleids are blind, but Tiave lateral light-sensitive spots. 

Unlike the three-part chelicerae of the Acari (mites), tick 

spider chelicerae have only two articles. The pedipalps are 

chelate, the second legs are sensory, and the male third legs 

are used to transfer sperm to the female gonopore. The 

cephalothorax and 10-segment abdomen are broadly joined. 

The anterior abdominal segments are wide, but the posterior 

segments are small and telescoping, with the anus on the 

10th segment. 

The ostiate heart lies in a partitioned hemocoel. Respira- 

tion is via sieve tracheae with a pair of spiracles on the poste- 

rior cephalothorax. Excretory organs are one pair each of 

Malpighian tubules and saccate nephridia (coxal glands). 

Sperm transfer is similar to that in spiders, but the elaborate 

third legs of the male are used instead of the pedipalps and 

there is no sperm web. The life cycle includes one larval, three 

nymphal, and an adult instar stage. Juveniles have three pairs 

of walking legs. 

ACARI° 
The extraordinarily diverse taxon Acari contains about 

40,000 known species of mites and ticks (Fig. 18-40A), with 

conservative estimates of another million waiting to be 
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FIGURE 18-39 Ricinulei. A, A generalized male ricinuleid in dorsal view. B, A ricinuleid from the southwestern 

United States. (A, Redrawn from Moritz, 1993, and Savory, 1977, after Hansen and Sorensen.) 
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discovered. From the standpoint of health and economics 

these are the arachnids most important to humans. Although 

most mites are free-living, numerous species are parasitic on 

people, domesticated animals, and crops. Many others are 

destructive to stored food and other products. Mites are 

among the most ubiquitous animals, and free-living, terres- 

trial species are extremely abundant, particularly on plants 

and in mosses, leaf litter, humus, soil, rotten wood, and 

detritus. Population densities are enormous, certainly 

surpassing all other arachnid orders. A handful of leaf litter 

from a forest floor often contains hundreds of individuals 

belonging to tens of species (Fig. 18-35). Mites are the only 

arachnids with a significant presence in aquatic habitats and 

they are common in both marine and fresh waters. Despite 

their abundance and economic importance, mites are not as 

well known as the other arachnids. 

Some acarologists believe Acari to be polyphyletic with sev- 

eral arachnid ancestors, including opilionids and ricinuleids, 

and have split the taxon into seven taxa (orders). Most acarol- 

ogists, however, believe them to be monophyletic and the 

separation of the body into two unique tagmata, gnathosoma 

and idiosoma, to be an autapomorphy that distinguishes them 

from all other arachnids. 

Form 
Being among the smallest arachnids, mites have achieved their 

great evolutionary success by exploiting niches for small arthro- 

pods. Most adults are 0.25 to 0.75 mm in length, although 

many are larger and some are as small as 0.1 mm. There are 

mites small enough to live in the tracheae of honeybees, 

beneath the wings of beetles, in the quills of feathers, in the 

lungs of snails, and in human hair follicles and sebaceous 

glands. Some predatory mites live in specialized leaf pits and 

pouches of a host plant, from which they emerge to attack 

their insect prey. Ticks, which are the largest mites, may reach 

3 cm when engorged with blood. 

An obvious mite characteristic is the apparent lack of 

tagmata or segmentation (Fig. 18-40A). Abdominal segmenta- 

tion has disappeared in most species and the abdomen is 

fused with the cephalothorax. Consequently the positions of 

the appendages, eyes, and gonopore are the only landmarks 

that identify the original body regions. In many species the 

entire body has become covered with a single, sclerotized 

carapace. Instead of the usual chelicerate tagmata, the body is 

secondarily divided into two new and unique tagmata, the 

gnathosoma and idiosoma. 

The posterior idiosoma is most of the body, including the 

entire abdomen and most of the cephalothorax. The gnatho- 
soma, or capitulum (Fig. 18-40, 18-43A), is the anteriormost 

part of the cephalothorax, but it contains neither the brain 

nor eyes and is only the tip of the head, not the entire head. 

It is a retractable feeding structure consisting of the 

chelicerae, pedipalpal coxae, preoral cavity, and parts of the 

anterior exoskeleton. Morphologically, it is almost endlessly 

varied to serve a remarkable variety of diets. A generalized 

gnathosoma, however, consists of two parts, chelicerae and 

infracapitulum, covered dorsally by a tectum (rostrum) 

FIGURE 18-40 Acari general anatomy. A, External anatomy of the dog tick, Dermacentor variabilis. 

B, Internal anatomy of the mesostigmatid mite Caminella, in dorsal view. (A, After Snodgrass, 1952; B, After 

Ainscough from Krantz, G. W. 1978. Manual of Acarology. 2nd edition. Oregon State University Press, Corvallis.) 



592 Chapter 18 CheliceratasP 

FIGURE 18 41 A, A 

trombidiform mite, Tydeus starri 

(dorsal view). B, Ventral view of 

a spider mite, Tetranychus. (A, 

After Baker and Wharton; B, After 

Krantz, G. W. 1978. Manual of 

Acarology. 2nd edition. Oregon State 

University Press, Corvallis.) 

extending anteriorly from the carapace (Fig. 18-43A). The 

retractable chelicerae arise from the anterior body wall 

between the base of the tectum and the infracapitulum. The 

infracapitulum is formed of the labrum dorsally and the 

large endites of the pedipalpal coxae ventrally and laterally. 

Sometimes the palpal endites are fused to form a hypostome, 

which forms the floor of the infracapitulum. The gnatho- 

soma surrounds the preoral cavity, which contains the 

chelicerae dorsally and is continuous with the anterior 

foregut ventrally. Posteriorly the preoral cavity opens into the 

mouth, which leads to the pharynx. 

Chelicerae and pedipalps vary in structure, depending on 

their function. Both usually are composed of two or three 

articles and may be chelate (Fig. 18-40A, 18-43). Pedipalps 

may be relatively unmodified and leglike, or they may be 

heavy and chelate, resembling chelicerae. In some parasitic 

forms, they are vestigial. The four pairs of legs usually have six 

articles each (Fig. 18-41), and in some taxa they are modified 

for swimming (Fig. 18-42B) or other functions. 

The ventral side of the body bears sclerites that vary with 

taxon in size, morphology, and number. The genital plate, 

located between the last two pairs of legs, bears the genital 

aperture (Fig. 18-41B). This location results from a forward 

migration of abdominal segments, an event that also occurred 

in harvestmen. 

Setae are found on all parts of the mite body. They vary 

from simple hairs to club-shaped and flattened types, and 

many are sensory. Most mites are various shades of brown, but 

many display a wide range of hues, such as black, red, orange, 

green, or combinations of these colors. 

Two taxa of mites, the Oribatida (beetle mites) and 

several taxa of water mites, deserve special mention. 

Oribatida, with 145 families and 14,000 species, is the largest 

and best-studied taxon of free-living mites (Fig. 18-42A). 

Beetle mites are abundant in leaf litter and moss. These 

little arachnids usually are globe-shaped, with the dorsal 

surface covered by a convex, highly sclerotized shield that 

makes them resemble tiny beetles. The water mites, encom- 

passing some 2800 species, have adapted to an aquatic 

existence in both fresh and salt water. Marine species have 

been found from the intertidal zone to abyssal depths, and 

shallow-water species are common. They do not swim, but 

rather crawl about over algae, bryozoans, hydroids, and 

sponges. Most water mites, however, live in fresh water. 

Some are bright red or other colors, and many are active 

swimmers with long natatory (swimming) setae on their legs 

(Fig. 18-42B). 

Nutrition 
Mites exhibit a tremendous diversity and specialization of diets 

and feeding habits. Although some utilize particulate food, 

most ingest fluids and, even when feeding on solid food, rely 

on initial external digestion and liquefaction. Carnivores 

living in soil and humus feed on nematodes and small 

arthropods, including eggs, insect larvae, and other mites. 

Small crustaceans are the principal prey of water mites. The 

chelicerae of carnivorous mites are variously modified, 

depending on the prey. Some mites tear off pieces of prey 

whereas others suck out the tissues. 
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FIGURE 18-42 A, The oribatid mite Belba jacoti, carrying its nymphal exuvia. B, The water mite Mideopsis 
orbicularis, with setose legs adapted for swimming. C, The mange mite Sarcoptes scabiei, burrowing in the skin and 
depositing eggs in the tunnel. D, Ventral view of a sheep hair-follicle mite, Demodex ovis (0.23 mm). E, A chigger 
larva of Neotrombicula, feeding on skin (0.25 mm). Note the three pairs of legs characteristic of mite larvae. (A, After 

Wilson from Baker and Wharton; B, After Soar and Williamson from Pennak, 1989; C, After Craig and Faust; D, After Hirst from 

Kaestner, A. 1968. Invertebrate Zoology. Vol. 2. Wiley-Interscience, New York; E, After Vitzthum from Kaestner, 1968.) 

Many herbivorous species, such as spider mites (Tetranychi- 

dae), have chelicerae modified as needlelike stylets that pierce 

plant cells to suck out the contents. A number of spider mites 

are serious agricultural pests of fruit trees, clover, alfalfa, 

cotton, and other crops. Spider mites construct protective 

webs from silk glands that open near the base of the 

chelicerae. The minute gall mites (Eriophyoidea), which also 

feed on plant cells and have stylet-shaped chelicerae, include 

some species that are agricultural pests. Other herbivorous 

species feed on fungi, algae, and mosses. 

Many mites are carrion feeders or scavengers. Most soil- 

inhabiting oribatid mites feed on fungi, algae, and decomposing 

plant and animal material. A large number of “scavengers” 

have highly specialized diets. For example, different species of 

storage mites (Acaridae) and allied taxa feed on flour, dried 

fruit, mattress and upholstery stuffing, hay, and cheese. 

Dermatophagoides is commonly associated with house dust, where 

it feeds on discarded human skin cells. The feather mites 

and some species that live in the fur of animals are also scav- 

engers, not parasites, subsisting on oil, dead skin, and feather 

fragments. 

The majority of parasitic mites are ectoparasites of animals, 

both vertebrates and invertebrates, but other forms of 

parasitism exist. Some mites have become internal parasites 
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through an invasion of the air passages of vertebrates and the 

tracheal systems of arthropods. Tracheal mites (Acarapis) live in 

the tracheae of honeybees (Apis mellifera) and damage tracheal 

walls to gain access to blood. In the last two decades tracheal 

mites and Varroa mites, which also feed on blood, have made 

commercial beekeeping much more difficult and expensive and 

have nearly exterminated feral honeybee populations. Many 

mites are parasitic only as larvae. For example, the lar val stages 

of freshwater mites are parasitic on aquatic insects and clams. 

The juvenile stages of the common harvest mites (Trombi- 

culidae) parasitize the skin of vertebrates. Larvae of species of 

Trombicula are the familiar chiggers, or redbugs. The six-legged 

larva emerges from an egg that was deposited on the soil. The 

larva may attack almost any taxon of terrestrial vertebrate, 

biting the host’s skin and feeding on dermal tissue, which is 

broken down by the external action of proteolytic enzymes 

(Fig. 18-42E). Feeding takes place for up to 10 days or more; 

then the larva drops off. After a semidormant stage, the larva 

molts and becomes a free-living nymph. A later molt trans- 

forms the nymph into an adult. Both nymph and adult are 

predaceous, feeding mostly on insect eggs. The intense itching 

that results from the bite of a chigger larva is caused by an 

immune response to its oral secretions and not, as commonly 

supposed, simply by the presence of the mite. Scratching 

quickly removes the mite, but the irritation remains for several 

days or even weeks. Although chiggers can cause severe 

dermatitis, they are of much greater medical importance as 

vectors for such pathogens as Asian scrub typhus. 

Many mites are parasite during their entire life cycle but 

are attached to the host intermittently, only during periods 

of feeding. The dermanyssid mites of birds and mammals 

(red chicken and other fowl mites) and the ticks illustrate 

this type of life cycle. Ticks penetrate the skin of the host by 

means of the highly specialized, hooked chelicerae (Fig. 

18-43B) and feed on blood. The integument, especially that 

of females, is not highly sclerotized and is capable of great 

expansion when engorged with blood. With a few excep- 

tions, the tick drops off the host after each feeding and 

undergoes a molt before attaching to a new host. Many 

species can live for long periods, well over a year, between 

feedings. Copulation occurs while the adults are feeding on 

the host. The fertilized female then drops to the ground and 

deposits an egg mass. A six-legged “seed” tick (larva) hatches 

from the egg. 

Ticks attack all taxa of terrestrial vertebrates and are 

sometimes the vectors of pathogens. In humans they are 

responsible for the transmission of American Rocky Mountain 

spotted fever, tularemia, Texas cattle fever, relapsing fever, and 

Lyme disease. Lyme disease is caused by the spirochete 

Borrelia burgdorfi, which is transmitted by the deer tick, Ixodes 

scapularis. Each tick instar feeds on a single host, drops off, 

and then finds another host.. Adult ticks occur predominantly 

on whitetail deer, whereas the larvae and nymphs attack 

a number of hosts, including the white-footed mouse, 

Peromyscus leucopus, which is the major reservoir for the 

spirochete. Any instar may feed on humans, but to be infective 

an earlier instar must have acquired the spirochete by feeding 

on an infected white-footed mouse. 

Finally, some parasitic mites spend their entire life cycle 

attached to the host. Included in this group are the wormlike 

follicle mites (Demodicidae), which live in the hair follicles of 

mammals (Fig. 18-42D), and the scab- and mange-producing 

fur mites (Psoroptidae and Sarcoptidae) of mammals. The 

human itch mite, Sarcoptes scabiei (Fig. 18-42C), the cause of 

scabies, or seven-year itch, tunnels into the epidermis. The 

female is less than 0.5 mm and the male less than 0.25 mm in 

length. Irritation is caused by the mite’s secretions. The 

female deposits eggs in the tunnels for a period of two 

months, after which she dies. Up to 25 eggs are deposited 

every two or three days. The eggs hatch in several days and the 

larvae follow the same existence as the adult. The infection 

can thus be endless. The mite is transmitted to another host 

by contact with infected areas of the skin. 

Internal Form and Function 
Most free-living mites have a typical arachnid digestive tract (Fig. 

18-40B), although some lack an anus. Mite excretory organs are 

one pair of saccate nephridia, one or two pairs of Malpighian 

tubules (Fig. 18-40B), or both. As might be expected in these 

Chelicera Carapace 

FIGURE 18-43 A, Gnathosoma of a mite 

(sagittal section). B, Hooked chelicera of 

the tick Ixodes reduvius. (A, After Snodgrass; 

B, After Neumann from Andre.) 
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small animals, the hemal system is reduced and, except in a few 

taxa, consists of a network of sinuses without a heart. Circulation 

probably results from contraction of body muscles. Although in 

some mites the gas exchange organs have disappeared, most 

have tracheae. The spiracles, which vary in number from one to 

four pairs, are located on the anterior half of the body. Mites 

also exchange gases across the general body surface. 

The CNS is highly cephalized, with all the segmental 

ganglia concentrated in the subesophageal ganglion (Fig. 

18-40B). Sensory setae are probably the most important sense 

organs. Oribatid mites possess a peculiar form of sensory seta 

called a pseudostigmatic organ, which is probably a type of 

trichobothrium. Two such setae located on the cephalothorax 

are thought to detect air currents, to which the mite responds 

by moving deeper into the leaf litter, perhaps to avoid 
. tf 

desiccation. Median and lateral eyes may be present, but many 

mites are blind. Innervated pits and slits are common in mites 

and may be homologous to the slit sense organs of other 

arachnids. 

Reproduction and Development 
Acarines are gonochoric. The male reproductive system consists 

of a pair of lobate testes, located in the midregion of the body. 

A vas deferens leaves each testis and may join its opposite 

member ventrally to open through a median gonopore or, in 

some species, through a chitinous penis that can project 

through the genital aperture. Females usually have a single 

ovary connected to the gonopore by an oviduct (Fig. 18-40B). 

A seminal receptacle and accessory glands are also present. 

Sperm are transmitted indirectly in most mites. A sper- 

matophore may be deposited on the substratum and then 

picked up by the female, or it may be transferred to the 

gonopore by the male chelicerae or by the third pair of legs. 

Sperm are transmitted directly into the female by a penis in 

the Actinotrichida. Eggs are deposited in soil or humus, and 

some mites enclose their eggs in a case. The oribatid Belba 

attaches its large eggs to the bodies of conspecifics, which 

carry them about until hatching. Female oribatid mites have 

an ovipositor. Clutch size varies widely with species. 

After an incubation period of two to six weeks, a six-legged 

larva hatches from the egg. The fourth pair of legs are 

acquired after a molt transforms the larva into a protonymph. 

Successive molts produce a deutonymph, then a tritonymph, 

and finally an adult. During these stages, adult structures are 

gradually attained. The life span of mites varies greatly 

depending on the species, but usually it is shorter than that of 

other arachnids. For example, Anblyseius brazilli, a tropical, 

predatory, mesostigmatid mite, reaches adulthood in 7 days 

and the female has a life span of 30 days. 

Diversity of Acari 
Acariformess0 (Actinotrichida): The “mitelike” mites. The 

most diverse mite taxon, with over 30,000 species. Indirect 

development. Setae have optically active, birefringent 

actinochitin. Trichobothria are present. Includes Astigmata, 

Endeostigmata, Oribatida, Sarcoptiformes, and Trombidi- 

formes (Prostigmata). Belba, Demodex, Dermatophagoides, 

Mideopsis, Neotrombicula, Sarcoptes, Tetranychus, Trombicula, 

Trombidium, Tydeus. 

Opilioacarida50 (Notostigmata): Large, rare, leathery, 

primitive mites. Segmented abdomen. Trichobothria are 

absent. Resemble opilionids. Live in leaf litter and beneath 

stones. Omnivorous or predatory; ingest solid food. Feed on 

millipedes, opilionids, mites, pollen. Subtropical and tropi- 

cal. Opilioacarus, Panchaertes, Paracarus. 

Parasitiformes50 (Anactinotrichida): Ticks and related 

mites in about 75 families. Setae have no actinochitin. 

Trichobothria and coxae are absent. Ventral anal aperture 

covered by sclerotized plates. Cuticularized ring around 

gnathosoma. Includes Mesostigmata (many parasitic 

species), Holothyrida (large, armored mites), and Ixodida 

(ticks: large, hematophagous, have vertebrate hosts). 

Caminella, Dermacentor, Ixodes. 

PHYLOGENY OF ARACHNIDA 
The ancestral arachnids were aquatic arthropods whose body 

organization has been inherited, with some modification, by 

their modern descendants. External predigestion in the 

preoral cavity and the ingestion of liquid food are important 

features of the arachnid ground plan that are almost universal 

among modern arachnids. From the chelicerate ancestor 

arachnids inherited a pair of prehensile (chelate) chelicerae 

composed of three articles, a pair of pedipalps, and four pairs 

of walking legs. The original abdomen included 12 segments 

and a telson. 

Of the ancestral chelicerate’s four pairs of saccate 

nephridia, only two pairs remain in the arachnid ground plan, 

and they are located on the segments of the first and third 

walking legs. Malpighian tubules evolved, probably more than 

once, independently of those of tracheates. The book gills of 

the aquatic ancestor became four pairs of book lungs adapted 

for terrestrial respiration. The undivided carapace originally 

had two pairs of median and perhaps five pairs of lateral eyes, 

the latter probably derived from the compound eyes of the 

chelicerate ancestors. Each lateral eye consisted of several 

ommatidia sharing a single corneal lens and retina. Concen- 

tration of the segmental ganglia enlarged the subesophageal 

ganglion to include all the cephalothoracic ganglia and four 

pairs of anterior abdominal ganglia. Trichobothria and slit 

sense organs were present in the stem arachnids. The 

gonopores on abdominal segment 2 are unpaired. Indirect 

sperm transfer with spermatophores is ancestral. 

The scorpions and Lipoctena are a monophyletic taxon 

(Arachnida) sharing several derived characteristics (Fig. 

18-44). The scorpions have features in common with both 

eurypterids and Lipoctena, but how these three taxa are 

related is uncertain. Early scorpions may have been aquatic, 

and they share with the eurypterids possession of a five- 

segmented postabdomen. On the other hand, scorpions also 

have important characteristics, such as slit sensilla and the 

absence of appendages on the first abdominal segment, in 

common with Lipoctena. In a widely accepted analysis of che- 

licerate relationships, scorpions are seen as the most primitive 

living arachnids and the sister taxon of Lipoctena, with which 

they form the taxon Arachnida. Eurypterids probably arose 

from the stem line of arachnids, but are not included in 

Arachnida. In another study, the scorpions are treated as 
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FIGURE 18-44 A phylogeny of arachnids. 1, Arachnida: Terrestrial, air 
breathing chelicerates; achelate sensory pedipalps with four pairs of 
locomotory appendages; carnivorous with liquid diet; digestion extra- 
intestinal, in preoral cavity; pharynx a precerebral sucking pump; book 
lungs; two pairs of saccate nephridia; maximum of five pairs of 
degenerate compound eyes; compound eyes with a single lens serving 
multiple ommatidia; pigment-cup ocelli; indirect sperm transfer with 
spermatophores. 2, Scorpiones: Pectines present; chelate pedipalps; 
telson has poison glands and sting; one pair of saccate nephridia; four 
pairs of book lungs; abdomen has 12 segments. 3, Lipoctena: Lyriform 
organs; two pairs of book lungs; opisthoma with a flagellum. 
4, Megoperculata: Chelicerae have two articles; sperm flagellum has 
9 + 2x3 microtubular structure. 5, Uropygi: Massive chelate pedipalps; 

defensive anal glands; first legs are sensory; five pairs of abdominal 
ganglia independent of subesophageal ganglion. 6, Labellata: 
Cephalothorax and abdomen connected by narrow pedicel formed of the 
first abdominal segment; gut with postcerebral sucking stomach; sperm 
flagellum lost; all cephalothoracic and abdominal ganglia coalesced into 
the subesophageal ganglion. 7, Amblypygi: First walking leg is 
antenniform; pedipalps are large and raptorial. 8, Araneae: Abdominal 
silk glands, spinnerets, and silk; poison glands in chelicerae; sperm 
transfer indirect with pedipalp and sperm web; no spermatophores. 9, 
Apulmonata: Book lungs lost; lateral eyes reduced to two or three pairs. 
10, Palpigradi: Abdomen has 11 segments; first walking legs are tactile; 
mouth on a small proboscis; one pair of saccate nephridia; sperm 

aflagellar. 11, Holotracheata: Tracheae with one pair of spiracles (evolved 
independently of those of Araneae); tube tracheae; flagellum reduced; 
no more than two pairs of lateral eyes. 12, Haplocnemata: Biarticulate, 
shearing, chelate chelicerae with ventral movable finger; two pairs of 
tracheal spiracles. 13, Pseudoscorpiones: Chelicerae with silk glands; 
chelate pedipalps have poison glands; median eyes lost; Malpighian 
tubules lost. 14, Solifugae: Cephalothorax has movable articulation; 
rostrum; abdomen of 11 segments; tracheal system with additional 
spiracles; sensory racquet organs; sperm aflagellar. 15, Cryptoperculata: 
Second walking legs are sensory. 16, Opiliones: Cephalothorax and 
abdomen broadly fused; abdomen has 10 segments; gonopore anterior, 
on the ventral cephalothorax; penis or ovipositor present; median eyes 
only, on a central tubercle; lateral eyes lost; repugnatorial glands; 
Malpighian tubules lost. 17, Acarinomorpha: Six-legged larva; three 
nymphal instars. 18, Ricinulei: Hood (cucullus) over chelicerae; abdomen 
has 10 segments; chelicerae and pedipalps each have two articles; second 
leg is long and sensory; male third leg is copulatory; sieve tracheae; all 
eyes lost. 19, Acari: Cephalothorax and abdomen broadly fused; tagmata 
are gnathosoma and idiosoma; second legs not sensory; aflagellate 
sperm. (Redrawn from Weygoldt, P., and Paulus, H. F. 1979. Untersuchungen 
ziir Morphologie, Taxonomic und Phylogenie der Chelicerata. 2. Z. Zool. Syst. 

Evolut.-forsch. 17:177—200; Weygoldt, P 1996. Chelicerata, Spinnentiere. In 
Westhei.de, W., and Rieger, R. (Eds.): Spezielle Zoologie: I. Einzeller und Wirbellose 
Tiere. Gustav Fischer Verlag, Stuttgart, pp. 449-497; Ax, P. 2000. Multicellular 
Animals. Vol. II. Springer, Berlin. 396pp.) 
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derived arachnids closely related to pseudoscorpions and 

solifuges. Yet another hypothesis holds that scorpions are 

closer to eurypterids than to arachnids. 

In modern phylogenetic systematics, Arachnida is divided 

into Scorpiones and Lipoctena, with scorpions retaining the 

four pairs of book lungs of the ground plan. The CNS is the 

least concentrated of any arachnid and includes a ventral 

nerve cord with seven ganglia. Scorpions also have chelate 

pedipalps and a telson with poison glands. In Lipoctena at 

least two, and sometimes all, of the original four pairs of book 

lungs are lost. Slit sense organs arranged in clusters to form 

lyriform organs are an autapomorphy of Lipoctena. 

Within Lipoctena are the sister taxa Megoperculata and 

Apulmonata. In Megoperculata one article is lost from the 

ancestral triarticulate chelicera. In Apulmonata all four pairs 

of book lungs in the ground plan have been lost. Triarticulate 

chelicerae are retained. 

Megoperculata includes the sister taxa Uropygi and 

Labellata. Uropygi has chelate raptorial pedipalps, a unique 

preoral chamber, antenniform first walking legs, and repugna- 

torial anal glands. In Labellata the pedicel, consisting of the 

first abdominal segment, joins the cephalothorax and 

abdomen. 

Labellata consists of Araneae and Amblypygi. Araneae is 

characterized by silk glands, the use of the male pedipalp to 

transfer sperm, and cheliceral poison glands. Tracheae 

arose within the taxon. In Amblypygi the first walking legs 

are antenniform sensory organs and the pedipalps are large 

and raptorial. 

Apulmonata is made up of the sister taxa Palpigradi and 

Holotracheata. In Palpigradi the mouth is on a short 

proboscis, the pedipalps are leglike, and the first walking legs 

are sensory. In Holotracheata tracheae appeared in conjunc- 

tion with the loss of book lungs. These arose independently of 

those of Araneae. No more than two pairs of lateral eyes are 

present. The flagellum is reduced. 

Holotracheata consists of the two sister taxa Haplocnemata 

and Cryptoperculata. In Haplocnemata the ventral finger of 

the chelicera moves in the vertical plane and the number 

of tracheal spiracles increases. Cryptoperculata is not strongly 

supported by morphological characteristics. Attributed to it 

are modification of the second pair of walking legs to sensory 

tactile organs, aflagellar sperm with the acrosome on its 

concave side, and a broadly joined cephalothorax and 

abdomen. 

Haplocnemata includes the sister taxa Pseudoscorpiones 

and Solifugae. Pseudoscorpiones is characterized by unique 

chelate pedipalps with poison glands, chelae with silk glands, 

median eyes, and the loss of Malpighian tubules. In Solifugae 

the cephalothorax consists of articulated anterior and 

posterior tagma with independent tergites. The pedipalp has 

a distal adhesive organ. Sensory racquet organs are present 

and sperm are aflagellate. 

Cryptoperculata includes Opiliones and Acarinomorpha. 

In Opiliones the cephalothorax and abdomen are broadly 

fused and the gonopore has moved anteriorly to the ventral 

cephalothorax. The median eye is on a tubercle. Males have a 

penis and females an ovipositor. In Acarinomorpha the life 

cycle includes a larval and three nymphal stages. Larvae have 

three pairs of legs. 

PHYLOGENETIC HIERARCHY OF ARACHNIDA 

Arachnida 

Scorpiones 
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Acarinomorpha is Ricinulei and Acari. The small 

ricinuleids have a movable cucullus covering the chelicerae, 

an abdomen with 10 segments, biarticulate chelicerae, and 

chelate pedipalps. The Acari cephalothorax and abdomen are 

broadly fused and the body is secondarily divided into the 

gnathosoma and idiosoma. 

PY CNOGONIDAc  
Pycnogonida, or Pantopoda, is a taxon (class or superclass) 

of about 1000 described species of exclusively marine 

animals known as sea spiders. Pycnogonids are not spiders, 

however, and the name is based on superficial similarities, 

such as eight long legs and a small body (Fig. 18-45). 

Although largely unnoticed, sea spiders actually are 

common benthic animals that occur from the intertidal 

zone to the deep sea. They live in all oceans from the poles 

to the tropics. Careful examination of bryozoans and 

hydroids scraped from a wharf piling or rocks usually yields 

a few specimens. Most are bottom dwellers that crawl about 

over irregular substrates as if on stilts. Some can swim by 

flapping their legs alternately up and down. A few are 

pelagic, some are interstitial, and some are commensal or 

ectoparasitic on other invertebrates. 

FORM 
Sea spiders are mostly small animals with a body length 

ranging from 1 to 10 mm, but polar and deepwater species can 

attain large sizes. Species of Colossendeis, for example, regularly 

achieve a leg span of 40 cm, and 70 cm has been reported. 

Although most pycnogonids are drably colored, some are 

green or purple, and deep-sea forms are often red or orange. 
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FIGURE 18-45 Pyconogonida. A male sea spider, Nymphon rubrum. 
(Redrawn after Sars from Fage.) 

Although considerable variation occurs among the taxa, 

the body usually is narrow, tubular, and composed of seven 

segments coalesced to form what appear to be four segments 

(Fig. 18-45). Tagmosis is unlike that of other arthropods, but 

resembles that of euchelicerates. The anteriormost tagma is 

the cephalon composed of four segments. The trunk is com- 

posed of three, sometimes more, segments. Together, these 

two tagmata may be homologous to the cephalothorax of 

euchelicerates. The cephalon bears a dorsal eye tubercle with 

two pairs of median ocelli. Lateral compound eyes have been 

lost in the pycnogonids. The vestigial abdomen is a small 

dorsal process on the last trunk segment. 

Protruding anteriorly or ventrally from the cephalon is 

a large tubular proboscis with the mouth at its distal end 

(Fig. 18-45, 18-46A). The proboscis is usually at least half the 

length of the body. The appendages of the cephalon are the 

chelicerae (chelifores), pedipalps (palps), ovigerous legs 

(ovigers), and one pair of walking legs (Fig. 18-45). In some 

taxa either chelicerae or pedipalps are absent. The chelate 

chelicerae function in food handling, whereas the pedipalps 

are used for sensory reception, feeding, and cleaning. 

Ovigerous legs, always present in males and usually in 

females, are used by the male to carry the egg mass follow- 

ing its deposition by the female. Sometimes they are also 

used for grooming. 

On each side, the cephalon and each trunk segment bear 

a pair of conspicuous, stumplike lateral processes with which 

a pair of legs articulates (Fig. 18-45). The posterior end of the 

cephalon, with its lateral processes and single pair of legs, is 

regarded as a trunk segment that has fused with the head to 

form the cephalon. Each leg is composed of nine articles and 

may be exceedingly long (Fig. 18-46B), but are short in some 

species. Although most pycnogonids have three trunk 

segments and thus four pairs of legs, some have four seg- 

ments and five pairs of legs, and a few have five segments and 

six pairs of legs. About 10 species of pycnogonids have five or 

six pairs of legs instead of the usual four. These additional 

segments do not appear to be phylogenetically important, for 

there are a number of genera that contain both eight-legged 

and ten-legged species. The tiny, unsegmented abdomen 

sits atop the last trunk segment and bears the anus at its 

distal end. Some fossil pycnogonids from the Devonian have 

a segmented abdomen. 

INTERNAL FORM AND FUNCTION 
Most pycnogonids are carnivores that feed on soft-bodied 

animals such as hydroids, soft corals, anemones, bryozoans, 

small polychaetes, and sponges. Some feed on algae or 

microorganisms, or the accumulated detritus on hydroids or 

bryozoans. Molluscs are the principal hosts for parasitic 

species. 

The foregut includes the mouth at the tip of the proboscis, 

the large pharynx forming the lumen of the proboscis, and 

a short esophagus (Fig. 18-46A). Three cuticularized lips that 

surround the mouth are used to scrape or bite into the prey. 

Food is pumped into the gut by the muscular pharynx. When 

feeding, the proboscis is applied directly to the prey to suck 

up the tissues. The cuticularized pharynx contains a bed of 

setae that probably masticate and perhaps filter the food. 

Exiting the posterior pharynx, the esophagus joins the midgut 

near the middle of the cephalon. 

The endodermal midgut (intestine) has long, narrow 

diverticula, or digestive ceca, extending into each walking 

leg and sometimes into the chelicerae, pedipalps, and/or 

ovigers. Hydrolysis and absorption occur in the midgut 

and its ceca. The midgut connects with the short hindgut 

(rectum), which is located in the abdomen and opens to the 

exterior at the anus. 

The hemal system is composed of a dorsal heart and a 

hemocoel. The heart has paired ostia but is secondarily 

reduced, and circulation is probably assisted by gut peristalsis 

and movements of the legs. A horizontal diaphragm divides 

the hemocoel into a dorsal pericardial sinus and a ventral 

perivisceral sinus. Each leg is similarly divided into dorsal and 

ventral sinuses that are continuous with those of the trunk. 

Blood flows anteriorly from the heart into the proboscis, then 

posteriorly in the perivisceral sinus, and then into the ventral 

sinus of the legs. At the tips of the legs the blood enters the 

dorsal sinus and flows back toward the body to enter the 

pericardial sinus. From there it passes through the ostia back 

into the heart lumen. 
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FIGURE 18-46 A, The pycnogonid Ascorhynchus castelli (sagittal section). B, Female of Pallene brevirostris 
with eggs in the femurs. C, Protonymphon larva of an Achelia echinata in ventral view. (A, After D ohm from Fage; 

B, After Sars from Fage; C, From King, P. E. 1973. Pycnogonids. St. Martin’s Press, New York. 137pp.) 

Excretory organs were unknown in pycnogonids until 2003 

when saccate nephridia resembling those of primitive crus- 

taceans were discovered in the chelicerae. These consist of an 

end sac with podocytes, surrounded by the hemocoel and con- 

nected to a nephridiopore by a tubule. 

Pycnogonids have no special organs for gas exchange. The 

general body surface is sufficient for gas exchange, and excre- 

tion probably occurs across the gut epithelium and perhaps the 

body surfaces. The CNS is chelicerate-like, but primitive and 

largely uncephalized. The dorsal brain (Fig. 18-46A) consists of 

a protocerebrum and a posterior pair of cheliceral neuromeres, 

but no deutocerebrum. The protocerebrum receives the optic 

nerves from the eye tubercle and the posterior neuromeres 

innervate the chelicerae. Circumenteric connectives connect 

the brain with a small subesophageal ganglion that innervates 

the pedipalps and ovigers. The ventral nerve cord has a gan- 

glion for each pair of walking legs. 

Pycnogonids are gonochoric and, as expected of aquatic 

chelicerates, employ external fertilization. Females can usually 

be distinguished from males by their weak or absent ovigers. 

The single gonad, either testis or ovary, is located in the trunk 

above the intestine. Branches of it extend far into the legs. 
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In both males and females, the reproductive openings are 

multiple, an unusual condition for arthropods, and are located 

ventrally on the coxae of the second and fourth pairs of legs 

in males and of all legs in females. On reaching maturity, the 

eggs are housed in lobes of the ovary in the femurs of the 

legs (Fig. 18-46B), and in gravid females the femurs are con- 

spicuously swollen. 
In those pycnogonids in which egg laying has been 

observed, the male suspends himself beneath the female so 

their ventral surfaces are opposed, or sometimes the male may 

stand above the female. Eggs are fertilized by the male as they 

leave the female’s gonopores. He then gathers them onto his 

ovigerous legs, either directly from the female’s gonopores or 

from the female’s ovigers (Fig. 18-45). Cement glands in the 

femurs of the male legs secrete adhesive for holding up to 

1000 eggs in a spherical mass. The egg masses are held around 

the middle joints of the male’s ovigerous legs and brooded 

until they hatch. 

The amount of yolk in the eggs varies widely among species, 

but cleavage is always total. Eggs with little yolk undergo equal 

cleavage, whereas unequal cleavage is found in macrolecithal 

eggs. A gastrula forms by the inward growth of cells in 

small eggs and by epiboly in yolky eggs. In most pycnogonids, 

a protonymphon larva hatches from the egg (Fig. 18-46C). It 

has three pairs of appendages (chelicerae, pedipalps, and 

ovigerous legs), each having only three articles. A short pro- 

boscis is present, but the trunk segments are not yet evident. 

Depending on the species, the larvae either remain on the 

male’s ovigers or leave to take up an independent existence on 

the substratum, such as hydroids and corals, that will be its 

food. In any case, the larvae eventually transform into young 

pycnogonids through a sequence of molts and the addition of 

new segments and appendages. The eastern Pacific Propallene 

longiceps develops from egg to adult in about five months. 

The structure of the brain, the nature of the sense organs, 

the presence of chelicerae and palps, the absence of 

antennae, and the hemal system are considered by most zoolo- 

gists to justify placing the pycnogonids among the chelicer- 

ates. The ground plan seems to include seven appendages on 

the equivalent of a cephalothorax, as is the case with the 

xiphosurans. Their exact relationship to arachnids and 

xiphosurans is uncertain because pycnogonids are aberrant in 

many respects. The presence of multiple gonopores, ovigers, 

the segmented trunk (the cephalothorax), and the additional 

pairs of walking legs in many species have no counterparts in 

the other chelicerate taxa. 

03 

c 2 
03 

o 13 "O 
O) CO c 
o O _C 
C' JZ o 
o CL 03 
>, V— 

CL X < 

FIGURE 18-47 Phylogeny of Chelicerata. 1, Chelicerata: Tagmata are 
cephalothorax and abdomen; cephalothorax is acron plus seven 
segments; abdomen divided into anterior and posterior regions; 
appendages absent on first cephalothoracic segment; two-part 
syncerebrum lacks the deutocerebrum; first appendages are prehensile 
chelicerae; compound eyes present. 2, Pycnogonida: Cephalothorax 
without carapace, segments articulated; abdomen reduced and vestigial; 
slender, tubular body; anterior proboscis with mouth; gonads extend 
into legs; four median eyes on an elevated tubercle. 3, Euchelicerata: 
Cephalothoracic segments fused, with a dorsal "carapace"; two median 
eyes. 4, Xiphosura: Preabdominal segments fused, the first reduced and 
bearing chilaria; postabdomen reduced; eyes borne on an ophthalmic 
ridge; abdominal appendages are book gills; abdominal segments fused; 
body terminates in a spikelike telson; segmental saccate nephridia share 
a common nephridiopore. 5, Arachnida: Terrestrial; second appendages 
are pedipalps; gas exchange via book lungs; compound eyes divided into 
five pairs of single eyes; internal fertilization; femur of walking legs is 
biarticulate; abdomen has 12 segments. (Redrawn from Ax, 2000.) 

taxon of Chelicerata rather than being chelicerates themselves. 

The ancestral chelicerates were undoubtedly aquatic but, with 

the exception of the sea spiders, horseshoe crabs, and some 

mites, modern chelicerates are terrestrial. The great success 

story of the chelicerates is the adaptive radiation of the terres- 

trial arachnids, and the dominating theme of chelicerate evolu- 

tion is their adaptation to life on land. 

PHYLOGENY OF CHELICERATA 
Chelicerates evolved in the Ordovician or Cambrian periods 

from Arachnomorpha, a taxon of ancient arthropods that 

includes the trilobites and several other extinct taxa. The 

ancestral chelicerates evolved into two sister taxa (Fig. 18-47), 

Pycnogonida and the much larger Euchelicerata, which 

includes Eurypterida, Xiphosura, and Arachnida. In some 

interpretations, pycnogonids are considered to be the sister 

PHYLOGENETIC HIERARCHY OF CHELICERATA 
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GENERAL BIOLOGY  
Crustacea includes about 42,000 described species of crabs, 

shrimps, crayfishes, lobsters, and wood lice, as well as myriad 

small animals that mostly go unnoticed. Crustaceans, particu- 

larly the small, inconspicuous ones, occupy a central posi- 
tion in global ecology as the major trophic link between pri- 

mary producers (phytoplankton) and higher-level consumers 

(fishes) in the sea. Crustacea evolved in the sea and is the only 

major arthropod taxon that is chiefly aquatic. Several taxa 

(such as crayfishes, shrimps, crabs, water fleas, copepods, fairy 

shrimps, and others) have independently invaded fresh water. 

A few (including wood lice and some crabs) have colonized 

the land, but are not as well adapted to this life as the arach- 

nids and tracheates. 

Crustaceans belong to Mandibulata (Fig. 16-15), one of the 

two high-level taxa of living arthropods (Chelicerata is the 

other). Shrimps, crabs, insects, centipedes, and millipedes are all 

mandibulates, but they fall into two distinct subtaxa, the largely 

aquatic Crustacea and the mostly terrestrial Tracheata (Hexa- 

poda and Myriapoda). 

Mandibulates have antennae on the first head segment, 

a three-part brain with a deutocerebrum, mandibles on the 

third head segment, and maxillae on the fourth. The ancestral 

mandibulates probably were aquatic filter feeders with a ven- 

tral food groove to transport food particles to the mouth. The 

appendages were biramous or multiramous, with gnathobases, 

and the mouth of the J-shaped gut faced posteriorly into the 

anterior end of the food groove. The compound eyes of 

crustaceans and insects (but not myriapods) are similar and 

differ from those of the chelicerates. The ommatidium has 

a crystalline cone (lost in myriapods) formed originally of four 

cone cells and a retinula of eight retinular cells. The cornea is 

secreted by two corneagenous cells. Median ocelli are also 

present, except in the myriapods. Molting is controlled by 

ecdysone and small eggs with total cleavage were probably 

ancestral. 

Crustacea consists of several taxa traditionally consid- 

ered to be classes, although in cladistic analysis they do not 

all have the same rank. These are Remipedia, Cephalo- 

carida, Anostraca (fairy and brine shrimps), Phyllopoda 

(water fleas and clam shrimps), Malacostraca (shrimps, 

scuds, wood lice, krill, lobsters, and others), Copepoda, Mys- 

tacocarida, Tantulocarida, Ascothoracida, Cirripedia (barna- 

cles), Ostracoda (seed shrimps), Branchiura (fish lice), and 

Pentastomida. 

The enormous morphological and ecological heterogene- 

ity of Crustacea rivals that of any other animal taxon. It 

includes tiny animals less than a millimeter in length and 

giant spider crabs with a leg span of 3 m. They may resemble 

shrimps, crabs, annelids, and even molluscs. Most are free- 

living and can be natant (swimming), reptant (crawling), 

fossorial (burrowing), or interstitial (living between sand 

grains). They can be pelagic, epifaunal, infaunal, or terres- 

trial. A few are sessile and permanently attached to the 

substratum. Some are so specialized they are unrecognizable 

as crustaceans without examination of the larva. More than 

any other arthropods, crustaceans capitalize on the widely 

varied possibilities offered by specialization of a large number 

of appendages. 

Two pairs of antennae immediately distinguish crustaceans 

from other arthropods. They are the only arthropods with three 

or four simple pigment-cup ocelli grouped to form a median 

naupliar eye. The basic larva is the nauplius. Crustaceans have a 

maximum of two pairs of saccate nephridia, one in the segment 

of the second antenna and the other in that of the second max- 

illa. Beyond these few shared traits, it is difficult to generalize 

about the crustaceans, and their diversity necessitates reference 

to an extended classification hierarchy with many intermediate 

ranks. 

FORM 
The crustacean body is divided into at least two tagmata, 

head and trunk (Fig. 19-1). The head consists of the acron 

plus the anteriormost five segments, which are fused to- 

gether to form an unsegmented cuticular capsule. The 

remainder of the body is the trunk. The typical head bears 

five pairs of appendages (Fig. 19-2A). Anteriormost are the 

first antennae (antennules), which are considered to be 

homologous to the antennae of hexapods and other tra- 

cheates. Next in line are the second antennae (antennae). 

These are postoral in embryological origin and probably are 

homologous to the arachnid chelicerae, both of which are 

innervated by the tritocerebrum. Flanking and often cover- 

ing the ventral mouth is the third pair of appendages, the 

mandibles. These are composed of several articles consisting 

of a short, heavy, grinding and biting surface and a slender 

palp. Behind the mandibles are two pairs of feeding 

appendages, the first maxillae (maxillules) and the second 

maxillae (maxillae). The head bears lateral compound eyes, 

median pigment-cup ocelli, or both. 

In the ancestral crustacean the trunk was probably homon- 

omous, consisting of a linear series of identical segments with 

identical appendages, and was not subdivided into tagmata. 

This idealized ancestral condition is not found in any living 

crustacean, although some (such as Remipedia) come very 

close (Fig. 19-9). In all living crustaceans the body consists of a 

head and trunk and in most the trunk is divided into an ante- 

rior thorax and posterior abdomen, each tagma composed 

of specialized segments with specialized appendages, although 

in most taxa the abdomen lacks appendages. The number 

of segments in the thorax and abdomen varies widely with 

taxon. 

In many crustaceans some anterior thoracic segments fused 

with the head to form a new tagma known as the cephalotho- 

rax (Fig. 19-1). The remaining thoracic segments together 

form the pereon. The anterior thoracic appendages, now part 

of the cephalothorax, are specialized as auxiliary mouthparts 

known as maxillipeds, whereas those of the pereon are 

pereopods (Fig. 19-1). The general name for any thoracic seg- 

ment is thoracomere and that for any thoracic appendage is 

thoracopod. Thoracomeres can be part of the cephalothorax 

or the pereon and, similarly, thoracopods can be either maxil- 

lipeds or pereopods. 

Crustaceans frequently have a mantlelike fold of the body 

wall extending posteriorly from the head, usually from the 

posterior edge of the last head segment, that of the second 

maxillae. This fold is the carapace (Fig. 19-1, 19-19), and its 

size varies. It may be fused with some or all of the segments it 
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Trunk 

FIGURE 19-1 Crustacea. Tagmata of a shrimp as an example of a generalized crustacean. The head consists of 
the acron and five fused segments and their appendages. In this example, the thorax has eight segments, the 
first three of which have become part of the cephalothorax, and their appendages are maxillipeds. The 
remaining five thoracomeres make up the pereon. The abdomen, or pleon, is composed of six segments plus the 
telson. The carapace extends posteriorly from the head and, in this example, covers the cephalothorax and 
pereon. (Redrawn and modified from Schmitt, W. L. 1965. Crustaceans. Ann Arbor Science Library, Univ. of Michigan 

Press, Ann Arbor. 204 pp.) 

covers. It may be absent (Fig. 19-11A), enclose the entire 

animal (Fig. 19-14), or anything in between (Fig. 19-13). Since 

it is a fold of the body wall, it consists of two layers of integu- 

ment with an extension of the hemocoel between them. 

Early crustaceans had numerous homonomous, multipur- 

pose, biramous appendages specialized for swimming, walking, 

and feeding. In modern crustaceans the appendages have 

undergone numerous modifications to alter their original 

structure and function. A typical biramous appendage consists 

of a basal protopod attached to the ventral surface of the body 

(Fig. 19-3B, 19-4A) and two branches, or rami. The protopod 

may be divided into two articles, the proximal coxa and distal 

basis. The coxa may be a gnathobase, with spines or teeth on 

its medial surface for masticating food. The rami, each 

composed of a linear sequence of articles, attach to the basis. 

The lateral ramus is the exopod (exopodite) and the medial 

one is the endopod (endopodite). Either can be modified in 

many ways. A limb with a slender, leglike ramus resembling 

a jointed rod is a stenopod (Fig. 19-20), whereas a broad, 

leaflike leg is a phyllopod (Fig. 19-1 IB). A mixopod is a combi- 

nation of both. It is not uncommon for one ramus to be 

absent, in which case the appendage is uniramous. For 

example, the uniramous walking legs of malacostracans have 

lost the exopod and consist solely of a stenopodous endopod 

(Fig. 19-1). Often there are additional smaller processes, such 

as exites, endites, and epipods, which are not considered to be 

rami (Fig. 19-1 IB). Endites are medial and exites and epipods 

are lateral. 

As in other arthropods, the evolutionary tendency has 

been toward a reduced number of segments and regionally 

specialized appendages for specific functions. For example, 

in a blue crab (Fig. 19-31) two pairs of appendages are sen- 

sory, five are mouthparts, one is a pincer, three are for walk- 

ing, one for swimming, and others for sperm transfer and 

brooding. 

The posteriormost tagma, the abdomen, consists of a 

variable number of segments that, in most taxa, lack appen- 

dages. The abdomen is sometimes called the pleon, its 

appendages pleopods, and segments pleomeres. The poste- 

rior unit of the body is the telson, which bears the anus and 

lacks the characteristics of a true segment. It often bears 

a caudal furca (tail fork) consisting of two caudal rami (Fig. 

19-9B, 19-10A) that are not homologous to segmental 

appendages. 

The crustacean cuticle has four major layers. Outermost is 

the epicuticle, consisting of lipid and tanned protein. The 

exocuticle (pigmented layer) consists of an outer layer of 

tanned protein and other layers of chitin, which may be 



608 Chapter 19 CrustaceasP 

Right mandible 

Exopod of right 1st maxilliped 

Right 1st maxilliped 

Right 2nd maxilliped 

Right 3rd maxilliped 

Carapace 

Right cheliped 

1st antenna 

2nd antenna 

Scale of 2nd antenna 

Nephridiopore 

Left mandibular palp 

Left mandible 

Left 1st maxilla 

Left gill bailer 

Left 2nd maxilla 

(Left maxillipeds have been removed) 

A 

2nd antenna 

Rostrum 

Eye stalk 

Anterior aorta 
Anterolateral artery 

1st antenna 

Bladder 

Nephridium 

Mouth 

Ostium 
Heart 
Testis Posterior aorta 

Intestine 

- 1st ventral ganglion 

3rd pereopod 

B 

1st pleopod (modified 
for sperm transfer) 

Sperm duct 

Sternal artery 

5th pereopod 

FIGURE 19-2 Crustacea. A, Head appendages of a lobster (ventral view). B, Internal anatomy of a crayfish 
(lateral view). (B, After Howes.) 
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calcified. The endocuticle (calcareous layer) consists of 

untanned protein and large amounts of chitin. It may be 

heavily calcified. Most of the thickness of the cuticle is endo- 

cuticle. Crustaceans have an additional membranous layer 

adjacent to the epidermis. The membranous layer consists of 

untanned, uncalcified chitin. The relative importance of scle- 

I otization and calcification vary with taxon. The soft, flexible 

brine shrimp exoskeleton, for example, is weakly sclerodzed 

and completely uncalcified. That of large malacostracans 

such as crabs, lobsters, and crayfishes, on the other hand, is 

heavily calcified and sclerotized. The epidermis secretes all 

the layers of the cuticle. 

NUTRITION 
Crustaceans have a great range of diets and feeding mecha- 

nisms. The ancestral crustacean probably was a small, epiben- 

thic suspension feeder that used its setose swimming limbs for 
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FIGURE 19-3 Crustacea. A, Cross section of a crayfish just behind the third pair of legs. B, Right fifth 
pereopod of the syricarid Anaspides tasmaniae, showing the basic structure of a crustacean appendage. 
(A, After Howes; B, After Waterman and Chace, 1960.) 
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Epipod 
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filtering. Like the trilobites, this animal probably used 

mixopods to concentrate particulate food in a ventral food 

groove for transport to the mouth. The trunk appendages 

were biramous with a medial gnathobase on the protopod 

(Fig. 19-4A). The exopod was a leaflike phyllopod used for 

creating currents and for swimming. The endopod was a leg- 

like stenopod used for walking. The opposing gnathobases of 

the trunk appendages formed a longitudinal food groove 

extending anteriorly for the length of the trunk to end at the 

posteriorly directed mouth (Fig. 19-4B). Movements of the 

phyllopods and stenopods moved food to the food groove. 

Movements of the gnathobases moved the food anteriorly 

to the mouth and, if the particles were large, masticated it. 

This mechanism was adaptable for particles of various sizes, 

from phytoplankton and detritus to invertebrates such as 

polychaetes, amphipods, and small molluscs. It is found in 

numerous primitive, living arthropod taxa, including the 

xiphosurans, cephalocaridans, and phyllopodans. 

Gnathobase Food groove 
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Protopod 
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Mouth 
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Exopod 

Endopod 
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FIGURE 19-4 Feeding mechanism of the ancestral crustacean. A, Cross section through a trunk segment 
showing a typical pair of mixopods. The exopod is a phyllopod, the endopod is a stenopod, and the protopod has 
a medial gnathobase. B, Ventral view of the anterior trunk, showing the food groove and feeding mechanism. 
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Many modern crustaceans continue to rely on suspension 

feeding, and mechanisms for this type of feeding evolved 

independently several times in the crustaceans. Other derived 

crustaceans adopted feeding mechanisms such as herbivory, 

carnivory, and parasitism. Malacostraca, for example, consists 

mostly of large, benthic crustaceans that developed alterna- 

tives to suspension feeding. Some of their appendages are 

heavier and adapted for predation and herbivory, as well as 

crawling and burrowing. In crustaceans in general, the 

posterior head and anterior trunk appendages (mandibles, 

maxillae, and maxillipeds) are adapted for feeding. 

The crustacean mouth opens ventrally on the head and the 

digestive tract is usually straight except for a sharp ventral 

bend at the anterior end that imparts an overall J- or L-shape 

(Fig. 19-2B). The foregut usually consists of an esophagus and 

stomach. In crustaceans that consume large food particles 

(Malacostraca) the stomach is adapted for grinding, and its 

walls bear apposing chitinous ridges, teeth, and calcareous 

ossicles (Fig. 19-34) collectively known as the gastric mill. Setal 

filters exclude all but the finest particles. Because small 

crustaceans typically feed on small particles that do not 

require grinding, a specialized stomach is absent. 

The endodermal midgut is responsible for the secretion of 

digestive enzymes, hydrolysis, and absorption of the products 

ol hydrolysis. These functions are largely accomplished in 

one or more pairs of digestive ceca (hepatopancreas). The 

length of the midgut varies; it may be a short region immedi- 

ately posterior to the stomach or may extend for most of the 

length of the abdomen. Storage cells for glycogen, lipids, and 

calcium are also present in the ceca epithelium. 

The length of the cuticularized hindgut varies to comple- 

ment that of the midgut so that if the midgut is short, the 

hindgut is long and vice versa. It is responsible primarily for 

water reclamation, feces formation and storage. It opens at 

the anus, at the base of the telson. 

Suspension Feeding 
Suspension feeding is the removal of a small volume of 

suspended particles (food) from a large volume of water by 

any process that concentrates the food and discards the water. 

Because crustaceans are primarily aquatic, the taxon includes 

most of the suspension-feeding arthropods, with the exception 

of some aquatic insects. Many crustaceans use filtration (the 

flow of water through a sieve with retention of particles) to 

separate particles from water. In crustaceans the filter is always 

composed of closely placed setae or setules (side branches of 

setae), commonly arranged like the teeth of a comb. Such 

a setal comb is located on one or several pairs of append- 

ages, but the location varies with taxon, indicating that filter 

feeding evolved numerous times within Crustacea. The rhyth- 

mic beating of appendages produces the filtering current. 

Filtration is the most obvious and straightforward way to 

separate particles from water, and until recently it was believed 

that suspension feeding was usually a process of filtration. The 

mesh size of the filter (the distance between setae) (Fig. 

19-5A)was thought to determine the size of particles that 

could be collected. Studies on water fleas (Cladocera), how- 

ever, indicate that this is not always the case. 

In the laboratory the water flea Daphnia magna was fed a 

mixture of three sizes of polystyrene spheres (Fig. 19-5A,B), 

two larger and one smaller than the mesh size of the filter 

(1 pm between setules). The water flea captured a sizable 

portion of the smallest spheres, which should have passed 

between setules acting solely as a filter. The collecting 

efficiency was about 60% for the smallest spheres, compared 

to 100% for the two larger sizes. Clearly, the collecting 

process is not one of simple filtration. 

When water flows over or around an object, the adhesive 

nature of the water molecules causes a boundary layer of water 

to develop at the object’s surface. Water molecules at the 

surface do not move at all, and those near the surface move 

more slowly than those farther away. Thus, the current’s 

velocity increases with distance from the surface. This bound- 

ary layer of slowly moving water can be significant when the 

water flows over a very small surface. In Daphnia, for example, 

the boundary layer that develops over one setule of the filter 

reaches to and extends beyond the next setule. This means 

that a layer of stationary water extends from setule to setule 

and very little water flows between the setules (unless it is 

subjected to considerably higher pressure). The smaller and 

slower a setose appendage, the less leaky it is. Thus, in 

Daphnia, particles are captured not by sieving, but by the 

attractive force of opposite charges between the particles and 

the filter surface. Particles are attracted to the surface by 

their charge but do not pass through because of the boundary 

layer. The proportion of polystyrene spheres collected can be 

experimentally altered by changing the spheres’ surface 

charges. 

In copepods, the second maxillae, which are filtering 

appendages with a setal comb, were long thought to passively 

filter particles from a forward-moving current created by other 

appendages. By filming dye-marked water currents around 

tethered copepods, investigators found that these crustaceans 

move their second maxillae to actively capture individual 

particles. When the copepod is not capturing food, the water 

current generated by other appendages passes over, not 

through, the sieve of the stationary second maxillae (Fig. 

19-5C). When an algal particle in the approaching water 

stream is detected (probably by sensory setae on the antennae 

and elsewhere), the other appendages beat asymmetrically so 

that the copepod turns toward the particle, and the second 

maxillae are spread apart (Fig. 19-5D). This movement causes 

the water stream with the particle to move to the midline and 

the second maxillae clap over it, squeezing out much of the 

surrounding water (Fig. 19-5E). The captured food is trans- 

ferred to the mandibles and mouth. In the final analysis, most 

suspension-feeding organisms and so-called filter feeders prob- 
ably collect particles by methods other than sieving. 

In suspension feeding in general, the required water current 

is produced by the beating of either the setal comb appendages 

or, more commonly, other appendages modified for this 

purpose. Once collected, the particles are removed from the “fil- 

ter” setae by special combing or brushing setae and transported 

to the mouthparts by other appendages or, in some species, 

in a ventral food groove. 

Suspension feeding undoubtedly evolved independently 
a number of times within Crustacea, and virtually every pair 

of appendages, even the antennae and mandibles, may be 

modified in one taxon or another for suspension feeding. 

Suspension feeding probably first arose in connection with 
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FIGURE 19-5 Crustacea. A, The particle-collecting setules of the water flea Daphnia magna. B, The three sizes 
of polystyrene beads (0.5, 1.1, and 5.7 |xm) used in the experiment. See text for explanation. The scale bar is 
about 5 ^m. C-E, Particle collecting in a copepod. The thick black line represents the water current with a food 
particle. See text for explanation. (C-E, FromKoehl, M. A. R, and Strickler, J. R. 1981. Copepod feeding currents: Food 
capture at low Reynolds number. Limnol. Oceanogr. 226(6):1062—1073) 

swimming and it is therefore primitively associated with 

the trunk, the same limbs creating both the swimming and 

the feeding currents. The tendency in most taxa has been lor 

the feeding apparatus to be shifted anteriorly, nearer the 

mouth, and to involve only the anterior trunk appendages or 

head appendages. 

INTERNAL TRANSPORT 
The hemal system of crustaceans is similar to that of other 

arthropods. The heart, in the pericardial sinus (Fig. I9-3A), 

varies from being a long tube extending most of the length 

of the trunk in the primitive condition to a short, compact 

vesicle in derived taxa (Fig. 19-2B). The heart is located in 

the same tagma as the gills and is absent in some small 

species. 

Small crustaceans usually have no blood vessels, although 

a few may have an anterior aorta to supply the brain with 

oxygenated blood. In most, the heart pumps blood to the 

hemocoel to bathe the tissues before flowing back to the heart. 

Large species may have well-developed arteries and capillaries. 

Crustacean blood contains a variety of amebocytes responsi- 

ble for phagocytosis and clotting. Under certain traumatic 

conditions, such as self-amputation (autotomy), special amebo- 

cytes called explosive cells disintegrate and liberate a substance 

that converts plasma fibrinogen to fibrin. Islands of coagulated 

plasma then appear and connect with each other to trap blood 

cells, thus forming a clot. 
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GAS EXCHANGE 
Very small crustaceans often have no special gas-exchange 

surfaces. In many (such as water fleas and barnacles) the thin, 

permeable cuticle of the inner surface of the carapace functions 

in gas exchange. Larger crustaceans, with their unfavorable 

surface area-to-volume ratios, require specialized expansions of 

the body surface to provide the necessary oxygen. Such surfaces 

are gills, of course, and are evaginations of some part of the 

body wall. Gills are almost always associated with appendages, 

but they are highly variable regarding location, derivation, and 

morphology. The gills are typically located in a protected 

branchial chamber formed of the carapace and/or body wall 

and ventilated by movements of various appendages. 

Gas transport from gills to tissues is by blood in sinuses or 

veins that direct blood to and from the gills. Gases are 

exchanged between the medium (water or air) and the blood 

across the gill surface. Oxygen may be in simple solution in 

the blood or bound to a respiratory pigment, either hemocy- 

anin or hemoglobin. When present, the pigment is always in 

solution, never intracellular. Hemocyanin is found in Malacos- 

traca whereas hemoglobin occurs in some other taxa, but both 

pigments are sporadically distributed. 

EXCRETION 
Crustacean excretory organs are paired saccate nephridia 

consisting of a coelomic end sac, with podocytes, that is 

surrounded by the hemocoel and connected to the exterior by 

a tubule derived from a metanephridium (Fig. 19-6A). They 

play only a minor role in nitrogen excretion, however, and 

their chief function is probably in maintaining the appropri- 

ate balance of ions and correct fluid volume in the body. 

Paired adult nephridia are located in the segment of either 

the second antennae or the second maxillae and are accord- 

ingly referred to as antennal or maxillary glands, respectively. 

Known in some taxa as green glands, shell glands, or coxal 

glands, they are always located in one (or both) of these two 

segments. The nephridiopores open on or near the bases of 

the second antennae or second maxillae. Both antennal and 

maxillary glands are commonly present in crustacean larvae, 

but usually only one or the other persists in the adult. Clusters 

of podocytes have been found at the bases of all the thoracic 

appendages of cephalocarids. If these are degenerate saccate 

nephridia, it would be evidence that the stem crustacean had 

paired segmental nephridia, as the annelids do. 

Nitrogen excretion is accomplished primarily by diffusion 

of ammonia across any permeable body surface, usually the 

respiratory surface. 

Most crustaceans inhabit marine habitats and are isosmotic 

with their environment. They are osmoconformers that do not 

face serious osmoregulatory problems. Freshwater crustaceans, 

on the other hand, are of necessity osmoregulators, and in the 

crayfishes at least, the saccate nephridia participate in regula- 

tion. Crayfish nephridia produce a urine hyposmotic to the 

blood to compensate for the influx of fresh water across the 

gill surfaces. In freshwater and brackish-water forms, the gills 

actively absorb ions from the environment. 

FIGURE 19-6 Crustacea: Saccate nephridia. A, Section through the saccate nephridium of a barnacle. 
B, The saccate nephridium of a crayfish. The labyrinth, excretory canal, and bladder are derived from the 

metanephridial tubule. The nephridiopore opens onto the base of the second antenna. Ultrafiltration of the 
blood occurs across the wall of the end sac, ion transport and protein resorption occur in the labyrinth, and 
storage of urine occurs in the bladder. (A, From White, K. N., and Walker, G. 1981. The barnacle excretory organ. 
J. Mar. Biol. Assoc. U.K. 61:529-547. Copyrighted and reprinted by permission of Cambridge University Press.) 
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Crustaceans, like most other arthropods, have nephrocytes. 

These phagocytic or pinocytic cells accumulate waste particles. 

Nephrocytes are usually located in the hemocoelic spaces of 

the gill axes and in the bases of the legs. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The nervous system is typical of arthropods, and the brain 

consists of a protocerebrum, deutocerebrum, and tritocere- 

brum. There is a tendency toward cephalization and fusion of 

ganglia. All stages in the cephalization of ganglia are repre- 

sented within Crustacea. In some, all the segmental ganglia 

are independent and there is no subesophageal ganglion. At 

the other extreme, all segmentaFganglia are coalesced to form 

a large anterior subesophageal ganglion. 

The visceral nervous system is connected to the somatic 

CNS anteriorly at the tritocerebrum and posteriorly at the 

posteriormost ganglion of the ventral nerve cord. This system 

innervates the gut, heart, digestive ceca, and other viscera. 

Giant axons, which rapidly conduct impulses, are found in 

the CNN of many crustaceans. Giant axons are particularly well 

developed in large species such as shrimps and crayfishes, 

which dart rapidly backward by suddenly flexing their tail. 

Crustacean sense organs include eyes, statocysts, sensory 

setae, and proprioceptors. Most crustaceans have eyes, which 

may be median ocelli and/or lateral compound eyes. A cluster 

of median eyes that is a characteristic feature of the crustacean 

nauplius larva (Fig. 19-8) is referred to as a naupiiar eye. It 

may degenerate or persist in the adult. Each naupiiar eye is 

composed of three or four small pigment-cup ocelli, each 

containing a few photoreceptors. The cups are located directly 

over the protocerebrum, to which they connect by an optic 

nerve. One pigment cup is directed ventrally and two 

dorsolaterally. They may form a compact mass or be separated 

somewhat. Naupiiar eyes, which do not form images, deter- 

mine the direction to a light source, orienting the animal with 

respect to the water surface (source of light and “up”) or the 

sediment surface. 

Adults of most species have two lateral compound eyes. 

The eyes may be at the end of a movable eyestalk (Fig. 19-1) 

or sessile and flush with the surface of the head (Fig. 19-54). 

The corneal surface is often greatly convex, resulting in a wide 

visual field. This is particularly true for stalked eyes, in which 

the cornea may cover an arc of 180° or more. The number of 

ommatidia in crustacean compound eyes varies enormously. 

A single eye of the wood louse, Armcidillidium, is composed of 

fewer than 25 ommatidia whereas that of the lobster, Homarus, 

may have 14,000. Crustaceans with well-developed compound 

eyes, such as some shrimps, lobsters, and crabs, show some 

ability to discriminate form and size. Most higher crustacean 

taxa, with the exceptions of cephalocarids, mystacocarids, tan- 

tulocarids, and copepods, have compound eyes. Cephalo- 

carids and mystacocarids do not have median eyes, either. 

Color discrimination has been demonstrated in a number 

of crustaceans and may be widespread. For example, the 

hermit crab, Pagurus, can discriminate between snail shells 

painted yellow and blue and shells colored different shades of 

gray. The chromatophores of the shrimp Crangon adapt to 

a background of yellow, orange, or red, but not to any shade 

of gray. Changes in chromatophore color are mediated 

through the compound eyes. 

Various types of sensory setae are located over the body 

surface, especially the appendages. Among these are the 

chemoreceptive aesthetascs, which are found in the majority 

of crustaceans, usually on the first antennae (Fig. 19-7A). 

Aesthetascs are patches of tubular setae with a thin, perme- 

able cuticle. In terrestrial crustaceans, the aesthetascs are 

tiny plates instead of hairs. 

Statocysts are paired equilibrium receptors located in the 

antennae, abdomen, uropods, or telson of some malacostra- 

cans. They are analogous to the labyrinth of the vertebrate 

inner ear and, like it, are used to orient in a gravitational field. 

A statocyst is a cavity in which a heavy particle known as a 

Statocyst 

FIGURE 19-7 Crustacea: Sense organs of the first antenna. 
A, Aesthetascs on the first antenna of the spiny lobster Panulirus. Each 
antennal article has two rows of chemoreceptive setae but, for clarity, 
only one is shown. B, The first antenna of the American lobster, 
Homarus americanus, dissected to reveal the statocyst in its basal article. 
Anterior is to the right. (A, Laverack, M. S. 1968. Oceanogr. Mar. Biol. Ann. 

Rev. 6:249-324; B, Redrawn and modified from Lockwood, A. P. M. 1968. 

Aspects of the physiology of Crustacea. Oliver and Boyd, London. 328 pp., after 

Cohen, M.J. 1935. The function of receptors in the statocyst of the lobster, 

Homarus americanus. J. Physiol. 130:9-34.) 
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statolith rests on a bed of mechanoreceptive setae (Fig. 19-7B) 

that detect its displacement. The statolith may be secreted, but 

more often it is a mass of agglutinated sand grains. 

REPRODUCTION 
Most crustaceans are gonochoric but a few, such as barnacles 

and remipedes, are hermaphroditic. The gonads typically are 

paired elongate, tubular organs lying dorsolaterally in the 

hemocoel of the trunk (Fig. 19-2B, 19-3A). The oviducts and 

sperm ducts usually are simple, paired tubules that open 

either at the base of a pair of trunk appendages or on a 

sternite. The gonopores are located on different segments in 

different taxa. 

Fertilization is usually internal and copulation occurs in 

most species. Spermatophores are used by many crustaceans 

and fertilization is often indirect. A penis is frequently present, 

but is not necessarily the intromittent organ. In the ostracods, 

fairy and brine shrimps, and barnacles, a penis is used for 

direct sperm transfer. More commonly, however, a pair of mod- 

ified appendages, the gonopods, is used to insert the sperm 

into the female. The male may also have certain appendages, 

such as the antennae or anterior thoracic appendages, modi- 

fied for clasping the female during copulation and sometimes 

for an extended period prior to copulation. In some species 

the male must wait until the female molts before copulation 

can occur, and he will often hold her until this happens. In 

most crustaceans the sperm lacks a flagellum and is nonmotile, 

but flagellated sperm occur in Phyllopoda, Cirripedia (barna- 

cles), Mystacocarida, and Ostracoda. 

A seminal receptacle is sometimes present in the female. It 

may be located near the base of the oviduct, but frequently it 

is a pouchlike ectodermal invagination of the genital segment 

independent of the oviduct. 

DEVELOPMENT 
The eggs of higher crustaceans are usually centrolecithal and 

cleavage is superficial. In more primitive taxa, the eggs are 

small, and holoblastic cleavage is common. In fact, some merri- 

beis of every major taxon exhibit holoblastic cleavage. In 

some, it is mosaic and may show traces of a spiral pattern (bar- 

nacles, copepods, cladocerans) like that of annelids. Most 

crustaceans brood their eggs and release the young as larvae 

or juveniles. For brooding, the eggs may be attached to modi- 

fied appendages, contained within a brood chamber, or 

ietained within a sac secreted when the eggs are extruded. 

Crustacean development may be either indirect (anamor- 
phic) oi direct (epimorphic). In indirect development a larva 

hatches fiom the egg with its embryonic development still 

incomplete and only a portion of the adult complement of 

segments and appendages. The larva, which is usually plank- 

tonic, undergoes periodic molts, gradually adding additional 

segments and appendages, until finally the adult condition is 

achieved. This is the original crustacean condition. 

In direct development, there are no larval stages. The 
eS§s hatch as immatures having the adult complement of 
segments and appendages. The juveniles need only to 

increase in size and develop gonads to become adults. Direct 

development is probably a secondary trait in crustaceans. 

FIGURE 19-8 Crustacea. Ventral view of a nauplius larva. 

Associated with large eggs and brooding, it occurs in clado- 

cerans and many peracarids, among others. 

In indirect development the individual undergoes develop- 

ment and then leaves the egg at a hatching stage typical for the 

taxon. The hatching stage is characterized by a specific number 

of segments and appendages and referred to by a specific larval 

name, such as nauplius or zoea. After hatching, larvae undergo 

postembryonic development, in which new segments proliferate 

at the anterior margin of the telson. In the course of successive 

molts, additional segments and appendages are gradually 

acquired until the adult condition is achieved. Anterior segments 

and their appendages are added first. 

Crustacean taxa have many larval stages, which tend to 

have different names in each taxon. The basic crustacean larva 

is the nauplius (Fig. 19-8, 19-48A), which is the earliest devel- 

opmental stage capable of hatching. This larva consists of the 

first three head segments and their appendages, the first and 

second antennae and mandibles, which it uses for swimming. 

No trunk segments or appendages are present, and an un- 

paired, median naupliar eye is borne on the head. It is com- 

mon for the nauplius to be suppressed by the embryo so that 

the hatching stage is a more advanced larva with additional 

segments and appendages. 

Once the larva hatches, it continues developing, molting, 

growing, and adding segments and appendages. The process 

gradually transforms it into other larva types and eventually into 

an adult. The number of named larval stages and the number 

of instars in each stage vary. A few of the more important larvae 

are mentioned below. Each stage may include several instars. 

The metanauplius stage (Fig. 19-48B) follows the nauplius in 

many crustacean taxa. Like nauplii, metanauplii have only three 

pairs of functional (natatory) appendages, but they also have 

additional segments and nonfunctional appendages. In barna- 

cles, the hatching stage is the nauplius, which is followed by the 

cypris (Fig. 19-79) and then the adult. In copepods, a stage 

known as the copepodid (Fig. 19-72C,D) occurs between the 

last metanaupliar stage and the adult. Whereas the nauplius 

does not resemble the adult, the copepodid does. 

More complex sequences are characteristic of decapod 

crustaceans. In primitive decapods (such as penaeid shrimps) 

the egg hatches as a nauplius (Fig. 19-48A) or metanauplius 

(Fig. 19-48B). The addition of segments and appendages even- 

tually produces a protozoea (Fig. 19-48C) with a complete set 
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of head appendages and the first two maxillipeds. The proto- 

zoea swims with its antennae and mandibles, but also uses 

its new maxillipeds. Upon acquiring its functional thoracic 

appendages, which it uses to swim, the protozoea becomes 

a zoea (or mysis; Fig. 19-48D). With the appearance of the 

complete complement of segments and appendages, includ- 

ing the abdomen and pleopods, the developing shrimp 

becomes a postlarva (Fig. 19-48E) that still is small, does not 

closely resemble the adult, and is not sexually mature, but this 

will be remedied by additional molts. 

In more-derived decapods (some shrimps, most crabs) the 

nauplius and metanauplius are passed in the egg and the 

hatching stage is a zoea with a full complement of head 

appendages plus thoracic segments and natatory maxillipeds 

(Fig. 19-49A). Subsequent molts add more thoracic segments 

and appendages until the full set of eight is achieved. After 

that the animal becomes a postlarva, such as the crab mega- 

lops larva in Figure 19-49B, with a complete set of head, 

thoracic, and abdominal appendages and segments. The post- 

larva becomes larger and more like the adult with subsequent 

molts. There are many, many other crustacean larvae, such as 

those in Figure 19-49C,D. 
<9 

REMIPEDIAC  

The first known remipede, Speleonectes lucayensis, was described 

in 1981 and the taxon is now represented by 10 species in six 

genera, all from undersea caves primarily in the Bahamas, 

West Indies, and Yucatan Peninsula. So far, all representatives 

have been found in water-filled caves connecting with the sea 

at one end and with freshwater ponds at the other. The body 

of these 15- to 45-mm-long marine crustaceans is elongate, 

resembling that of a polychaete, with numerous biramous 

appendages (Fig. 19-9). Powerful rowing strokes of the trunk 

appendages produce rhythmic preferred by MW waves that 

sweep along the length of the body for swimming. Remipedes 

are carnivores or scavengers. The body includes a trunk and a 

cephalothorax, the latter of which is covered by a sclerotized 

carapace (cephalic shield). Eyes do not seem to be present, 

although sometimes there are vestigial eyelike structures. Sup- 

pression or loss of eyes is a common adaptation in cave- 

dwelling animals. The large first antennae are biramous (Fig. 

19-9B) and bear chemosensory aesthetascs. The much smaller 

second antennae are paddlelike. 

A 

1st 
antenna 

Cephalothorax 

Cephalic groove 

Trunk segment 

Female gonopore 
segment 

Trunk appendage 

Male gonopore 
segment 

Caudal furca 

Telson 

FIGURE 19-9 Remipedia. A, Lasionectes entrichomas from undersea caves in the Bahamas and West Indies. 
Note the long, wormlike body with numerous pairs of similar appendages. B, Dorsal view of the body of 
Speleonectes tulumensis. (B, From Felgenhauer, Abele, and Felder-, 1992.) 
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The trunk consists of up to 38 independent segments and is 

not divided into thorax and abdomen. The first trunk segment is 

smaller than the others, bears a pair of uniramous maxillipeds, 

and is fused with the head to form the cephalothorax. The max- 

illipeds resemble the second maxillae. The remaining trunk 

segments are homonomous, and each bears a pair of biramous 

swimming appendages that are similar along the entire length of 

the trunk. The two rami of each appendage are nearly identical 

and consist of three or four flattened articles equipped with a 

fringe of plumose swimming setae. There is no gnathobase on 

the protopod. The telson bears a short caudal furca. 

The simple gut consists of a cuticularized foregut, a midgut 

with paired digestive ceca, and a cuticularized hindgut. The 

midgut extends for most of the length of the trunk. The pre- 

oral cavity, or atrium oris, as it is known in crustaceans, is 

bounded anteriorly by the labrum and laterally by the mouth- 

parts. Excretory organs consist of a pair of maxillary glands. 

Remipedes are hermaphroditic, with the female gonopores on 

trunk segment 7 and the male pores on 14. The sperm are fla- 

gellated and transferred in spermatophores. It has so far been 

impossible to keep remipedes alive in the laboratory, and con- 

sequently nothing is known of their development or larvae. 

The first crustaceans probably were small marine animals 

that swam or crawled over the bottom. The trunk was com- 

posed of numerous unfused and unspecialized segments, each 

bearing a pair of biramous appendages similar to those on the 

other segments. Among extant Crustacea, only remipedes and 

cephalocarids share these primitive characteristics. Although 

remipedes have plesiomorphies, they also have important 

apomorphies such as hermaphroditism and carnivory. 

18S rDNA base sequence data indicate that remipedes are a 

derived taxon related to Maxillopoda. At present the phyloge- 

netic position of Remipedia is unresolved, but here they are 

viewed as an early offshoot of the ancestral crustaceans and 

a sister taxon of the remaining crustaceans (Fig. 19-90). 

CEPHALOCARIDAc  
Cephalocarids conform closely to the hypothesized ancestral 

crustacean in that they are epibenthic deposit feeders with 

undifferentiated trunk appendages. The nine known species 

have been collected in sand and mud from the high subtidal 

2nd antenna 

FIGURE 19-10 Cephalocarida. A, Hutchinsoniella macracantha. B, A cephalocarid trunk appendage. 

The endopod is a stenopod and the exopod is a phyllopod. The protopod bears a gnathobase on its medial 

margin. (A, After Waterman and Chace; B, After Sanders.) 
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to depths of 1550 m in many parts of the world. The first was 

found in Long Island Sound in 1953. Cephalocarids are tiny 

crustaceans of less than 4 mm in length (Fig. 19-10A). 

The elongate, wormlike body is divided into a horseshoe- 

shaped head and an elongate trunk of 19 segments plus the 

telson and caudal furca. The head is covered by a sclerotized 

cephalic shield. There are no cephalothorax, maxillipeds, or 

carapace. The trunk is divided into a thorax of 9 segments and 

an abdomen of 10. Each thoracic segment bears a pair of 

appendages and is covered by a sclerotized tergite that 

extends laterally and ventrally to form lateral plates along the 

sides of the thorax (Fig. 19-10A). Thoracic appendages are 

biramous (multiramous) mixopods with a stenopodous endo- 

pod and a phyllopodous exopod (Fig. 19-10B). A large epipod 

on the exopod forms what amounts to a third ramus. The 

endopod is used for walking and the exopod for creating feed- 

ing and swimming currents. The first seven limbs are identical 

to each other and to the second maxilla. Each protopod bears 

a median gnathobase, and the combined gnathobases form 

a midventral food groove. The eighth limb lacks the endopod 

and is used for manipulation of the egg, whereas the ninth is 

vestigial and serves as a site for attachment of the egg during 

brooding. Abdominal segments do not bear appendages. Pos- 

teriorly the telson has a caudal furca with long furcal setae 

(Fig. 19-10A). 

A large labrum closes the preoral cavity and food groove 

anteriorly. The gut has the J shape predicted for the ancestral 

crustacean, with its mouth facing posteriorly into the anterior 

end of the food groove. The esophagus forms the terminal 

curve of the J and connects the mouth with the large midgut, 

which extends the length of the trunk to connect with a short, 

cuticularized hindgut. Two small digestive ceca extend from 

the anterior end of the midgut. The anus opens on the telson 

between the rami of the caudal furca. Adult excretory organs 

are maxillary glands, but juveniles have antennal glands. 

Other than the large syncerebral brain, the nervous system 

is not cephalized. Paired segmental ganglia are spaced along 

the length of the ventral nerve cord, which extends the length 

of the trunk. Vestigial compound eyes are present but buried 

in the head, and there are chemoreceptive aesthetascs on the 

antennae. Cephalocarids are simultaneous hermaphrodites. 

The ovary and testis share a common duct to the gonopore on 

the sixth abdominal segment. Sperm are aflagellate and the 

hatching stage is the metanauplius. 

Cephalocarids and remipedes exhibit combinations of 

primitive and derived characteristics. For example, both are 

blind and hermaphroditic, characteristics that are probably 

derived. At the same time, both have weak tagmosis and 

unspecialized trunk appendages (primitive), but those charac- 

teristics differ in degree. Cephalocarids have a differentiated 

thorax and abdomen (derived) but virtually unspecialized 

trunk appendages that are identical to the second maxilla 

(primitive). Remipedes, on the othei hand, have an undiffer- 

entiated trunk (primitive) but a specialized (derived) first 

trunk appendage. The triramous mixopods and the feeding 

mode of cephalocarids are exactly as predicted for the stem 

crustacean, whereas the remipede appendages and feeding 

mode are derived. The loss of eyes in the remipedes could eas- 

ily be an adaptation to a subterranean existence. Vestigial 

compound eyes have recently been discovered in cephalo- 

carids. 

Two families have been erected to contain the four genera. 

Chiltoniella, Hutchinsoniella, and Sandersiella are in Hutchin- 

soniellidae, and Lightiella is placed in Lightiellidae. 

ANOSTRACAc  
This relatively small taxon inhabits inland, but not necessar- 

ily fresh, waters. Anostraca includes the fairy and brine 

shrimps, both of which are confined to relictual habitats 

from which fishes are excluded either because the habitat 

dries up periodically or because the water is too saline. 

Brine shrimps, whose eggs are creatively marketed with 

the claim they will hatch into “sea monkeys,” are familiar to 

many people. 

The 200 known species occur in salt lakes and temporary 

wet-weather ponds and ditches. They are relatively large, with 

most species being 15 to 30 mm in length, although some 

are much larger (up to 10 cm). All have elongate, shrimplike 

bodies with up to 27 trunk segments (Fig. 19-11A). The 

name Anostraca refers to the absence of a carapace. The first 

antennae are very small and the second antennae are sexu- 

ally dimorphic, with those of the male being large claspers 

used to hold the female during copulation. The compound 

eyes are stalked. The naupliar eye consists of three pigment- 

cup ocelli. The mandibles are large and triturative and the 

second maxillae are vestigial. 

The trunk is divided into an anterior thorax and a poste- 

rior abdomen. Cephalothorax, maxillipeds, and carapace are 

absent. The thoracopods are homonomous phyllopods and 

the abdomen lacks appendages. A typical phyllopod consists 

of a large central protopod. The protopod has exites and an 

exopod laterally and endites and an endopod medially (Fig. 

19-1 IB). The middle exite, or epipod, is referred to as a gill, 

but it probably has an osmoregulatory function. The proximal 

endite bears a setal comb important in suspension feeding. 

The endopod and exopod are broad, flat, and leaflike; bear 

plumose setae; and are natatory. 

The thoracopods beat rhythmically to produce a continu- 

ous propulsive force on the backstroke. Each broad, flat, 

foliose phyllopod, with its fringe of plumose setae, is an oar 

with a large surface area (Fig. 19-1 IB). Fairy shrimp usually 

swim upside down, but when experimentally lighted from 

below, they roll over and swim right side up. 

Although a few are carnivores, most anostracans are sus- 

pension feeders that use the setose phyllopods and a food 

groove to collect and transport suspended food particles to 

the mouth (Fig. 19-12). Swimming movements of the phyl- 

lopods generate the feeding current, and the shrimp feeds as 

it swims. The midventral food groove is formed by the pro- 

topods. The spaces between successive protopods are called 

interlimb spaces. The medial entrances to the interlimb 

spaces are guarded by the setal combs of the proximal endites. 

On the forward stroke, as the limbs move forward, the volume 

of the interlimb spaces increases and creates suction that pulls 

water and particles into the spaces from along the midventral 

line. The water moves laterally, through the setal combs, to 

enter the interlimb spaces. Particles in the current remain on 

the medial side of the setal comb. On the backstroke, as the 
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FIGURE 19-11 Anostraca. A, The fairy shrimp, Branchinecta (lateral view of male). B, A phyllopodous trunk 

appendage of Bran-chinecta paludosa. (A, After Sars from Martin, J. W. 1992. Branchiopoda. In Harrison, F. W, and 

Humes, A. G. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. Crustacea. Wiky-Liss, New York; B, After Sars fromPennak.) 

FIGURE 19-12 Anostracan feeding apparatus. Ventral view of the 

food groove and phyllopods of a typical suspension feeding anostracan 

or phyllopodan. Water flow is indicated by solid arrows and particle 

movement by dotted arrows. 

limbs move posteriorly, the water is forced laterally out of the 

now compressed interlimb spaces. Food particles on the setal 

combs are transferred to the midventral food groove, where 

they become entangled in mucus and are moved forward, 

again by the swimming movements of the limbs, to enter the 

posteriorly facing mouth. 

The gut is an unelaborated J-shaped tube with a pair of 

short digestive ceca in the head. The heart is a dorsal tube 

with 13 to 18 pairs of ostia that extends the length of the 

trunk. The nervous system is ladderlike, with minimal cephali- 

zation and without medial fusion. There are paired maxillary 

glands. 

The brine shrimp, Artemia, has impressive osmoregulatory 

capabilities and can tolerate salinities ranging from less than 

1% up to the saturation point of sodium chloride. The inter- 

nal osmolarity remains almost constant regardless of the 

salinity of the environment. Internal osmolarity is main- 

tained by the absorption or excretion of ions through the 

epipods and the dorsal organ, and perhaps by the excretion 

of urine hyperosmotic to the blood. For individuals living 

in brine, urine osmolarity is reportedly four times that of 

the blood. 

Anostracans are gonochoric and the gonopores are 

located on genital segments at the junction of the thorax and 

abdomen. The sperm ducts from the testes open on a pair of 

eversible penes (sing., penis) on the genital segment. Sperm 

transfer is direct, and during copulation, the male clasps the 

dorsal side of the female abdomen with his modified second 

antennae and then, twisting his abdomen around, he inserts 

the paired penes into the single, median, female gonopore. 

A special brood sac is secreted as the female extrudes eggs 

from the glandular uterine chamber at the distal end of 

the oviduct. The eggs are tolerant of desiccation and hatch 

as nauplii. 

In older classifications Anostraca is included with Con- 

chostraca, Notostraca, and Cladocera in a taxon known as 

Branchiopoda. In a recent reorganization, the one followed 

here, Anostraca is removed from this assemblage and the 

remaining taxa form Phyllopoda (Fig. 19-90). Anostracans 

are similar to phyllopodans, but differ in having stalked 

compound eyes and in lacking a carapace. The anostracan 

naupliar eye has three ocelli whereas that of Phyllopoda 

has four. 

The eight families are Artemiidae (Artemia), Branchinectidae 

(Branchinecta), Branchipodidae, Chirocephalidae (Chirocephalus, 

Eubranchipus), Linderiellidae (Linderiella), Polyartemiidae (Poly- 

artemiella), Streptocephalidae (Streptocephalus), and Thamno- 

cephalidae (Branchinella, Thamnocephalus). 
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PHYLLOPODAc __ 

Phvllopoda includes about 800 species of mostly freshwater 

crustaceans. It is convenient to distinguish, for purposes of dis- 

cussion, between the “large” and “small” phyllopodans. Large 

phyllopodans are the tadpole shrimps (Notostraca) and clam 

shrimps (Spinicaudata and Laevicaudata). Like anostracans, 

large species are restricted to relictual habitats where they are 

free of fish predation. Such habitats are typically ephemeral 

(temporary) ponds, ditches, cave pools, and alkaline lakes 

from which fishes are excluded, either by the temporary 

nature of the habitat or its chemistry. The life cycle may be 

adapted to alternating periods of desiccation and flooding, 

with dry periods being passed in the egg stage. The most suc- 

cessful, however, are the small phyllopodans, the water fleas, 

or Cladocera. Unlike large phyllopodans, they are not 

restricted to relictual habitats and are ecologically important 

members of benthic and planktonic communities of lakes. 

The trunk appendages are typically phyllopods, there is a 

well-developed carapace (Fig. 19-13, 19-14, 19-15), and most 

have a ventral food groove. A nauplius larva is present in the 

large phyllopodans, but development is direct in almost all 

Cladocera. Most, but by no means all, are freshwater suspen- 

sion feeders. 

The body is divided into a head, thorax, and reduced 

abdomen. The first antennae and second maxillae are vesti- 

gial. The number of segments in the thorax and abdomen 

varies with taxon. Phyllopods are restricted to the thorax, usu- 

ally bear marginal setae, and are used for suspension feeding, 

swimming, and gas exchange. Appendages are absent from 

1st trunk appendage 

FIGURE 19-13 Notostraca. The tadpole shrimp Triops (dorsal view). 
(After Pennak, 1989.) 

the abdomen. A caudal furca, or a derivative of it, is found at 

the posterior end of the abdomen. 

Phyllopodans have an epidermal dorsal organ (salt gland, 

neck gland, or nuchal organ) on the dorsal midline of the 

posterior head. Although this structure is not always present in 

adults, it is present at some stage in the life cycle. In some 

species it is a salt gland with a demonstrated role in ion regula- 

tion and osmoregulation, but in others its function is enig- 

matic. In some adult ctenopods it is an adhesive organ. 

In the current taxonomic organization of the old Bran- 

chiopoda, the original four orders, Anostraca, Notostraca, 

Conchostraca, and Cladocera, are replaced by eight, and 

Anostraca is removed entirely. The resulting taxon, known as 

Phyllopoda, more accurately reflects the natural relationships 

of these animals. Notostraca is unaffected by the revision, but 

Conchostraca is divided into two new taxa (orders), Laevicau- 

data and Spinicaudata, probably not sister taxa. Cladocera is 

replaced by four new related taxa (orders), Anomopoda, 

Ctenopoda, Onychopoda, and Haplopoda, all belonging to 

Cladocera (Cladoceromorpha). 

LOCOMOTION 
Locomotory mechanisms vary with taxon. Cladocerans swim 

using the powerful second antennae as oars (Fig. 19-15). 

Because there is only one set of oars, movement is jerky. The 

animal hangs vertically in the water with its head up so the 

downstroke of the antennae propels it upward. The animal 

then sinks slowly, arresting its descent with the deployed 

antennae functioning as a parachute. The large, plumose, 

postabdominal setae at the end of the abdomen are stabilizers 

and if they are removed, the water flea pitches ventral side up. 

In large phyllopodans (and anostracans), the trunk 

appendages are natatory and used for swimming, although 

conchostracans also use the second antennae. The trunk 

appendages beat rhythmically to produce a steady propulsive 

force on the backstroke. The broad, flat, foliose phyllopods, 

with their fringes of plumose setae, are oars with a large sur- 

face area (Fig. 19-14A). Since there are many oars, the motion 

is smooth. 

Many clam shrimp and tadpole shrimp crawl over the bot- 

tom, dorsal side up, and some clam shrimp plow through the 

bottom sediment. Many cladocerans have adopted a benthic 

or near-bottom existence. 

NUTRITION 
Feeding is varied among phyllopodans. Notostracans are scav- 

engers and predators. Spinicaudatans are detritivores, scrap- 

ers, and suspension feeders. Laevicaudatans are scrapers and 

detritivores. Among Cladocera, the anomopods and cteno- 

pods are suspension feeders, scrapers, and scavengers. The 

onychopods and haplopods are predators. In all except the 

haplopods, the mandible is adapted for trituration. 

The anomopods and ctenopods, which have in common an 

enclosing bivalve carapace, feed on suspended particles of 

a wide range of sizes, from bacteria to phytoplankters and 

detritus. Daphnia, for example, can grow on a diet consisting 

solely of bacteria. The feeding mechanism is similar to that 
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FIGURE 19-14 "Conchostraca." A, Lateral view of the laevicaudatan 
Lynceus gracilicornis, with the left valve removed. B, Left shell valve of 
the spinicaudatan Cyzicus. (A, From Martin, J. W., Felgenhauer, B. E., and 

Abele, L. G. 1986. Redescription of the clam shrimp Lynceus gracilicornis from 

Florida, with notes on its biology. Zool. Scripta. 13(3):221-232; B, After Sars 

from Caiman.) 

used by anostracans except that the number of phyllopods 

and interlimb spaces is much smaller, the water is channeled 

in part by the carapace, and the phyllopods are not natatory, 

so their movements are solely for the purpose of feeding. 

There is a maximum of six phyllopods, not all dedicated 

to feeding. In Daphnia, for example, there are five trunk 

appendages, but the first does not participate in feeding. Thus 

there are only three interlimb spaces. 

The phyllopodan gut is J-shaped, with the mouth facing 

posteriorly into the anterior end of the food groove. The gut 

is simple and has none of the elaborate modifications of the 

foregut typical of the malacostracans. The anterior midgut fre- 

quently has two small, globose digestive ceca. 

GAS EXCHANGE, INTERNAL 
TRANSPORT, AND EXCRETION 
In most phyllopodans the chief gas-exchange organ is probably 

the inner surface of the carapace, and perhaps the phyllopods as 

well, but it can be any surface with a thin, permeable cuticle. It 

was long believed that the epipods of the thoracic appendages 

(Fig. 19-1 IB) were the major respiratory organs, a belief 

reflected in the old name, “Branchiopoda”, meaning foot-gill. It 

is likely, however, that these widely occurring structures are active 

in ion transport and are osmoregulatory, not respiratory. 

The hemal system, as expected, consists of a dorsal heart 

and a hemocoel. In the large phyllopodans, with their well- 

developed abdomens, the heart is a long tube with multiple 

paired ostia. The length of the heart and the number of ostia 

correlate positively with body length. For example, notostra- 

cans have 11 pairs of ostia, spinicaudatans have 4, and laevi- 

caudatans 3. The heart of the short-bodied cladocerans is a 

small, globular sac with only one pair of ostia (Fig. 19-15A). 

Excretion of ammonia occurs across the general body 

surface and presumably is most intense across the highly 

permeable respiratory surfaces. The excretory organs of 

adult phyllopodans are saccate nephridia known as maxil- 

lary glands (Fig. 19-15A), which are involved primarily in 

osmoregulation and fluid balance. Larval nephridia are 

antennal glands. Nephridia are well-developed in freshwater 

species and are equipped with a long excretory canal, in 

which ions are selectively resorbed from the filtrate. In most 

phyllopodans the duct lies coiled between the folds of the 

carapace and may be visible externally (Fig. 19-13). The 

nephridiurn is often called the shell gland in reference to its 

position in the carapace, or “shell.” The epipods of the tho- 

racopods are probably osmoregulatory also. 

The CNS includes a brain (supraesophageal ganglion), cir- 

cumenteric connectives, and a ventral, ladderlike nerve cord. 

The system is uncephalized and not fused on the midline so it 

is truly ladderlike, with a median space between the right and 

left longitudinal cords. No subesophageal ganglion is present 

(except in Leptodorci) and each pair of appendages is served by 

a pair of ganglia. The ventral nerve cord is unique in that the 

two ganglia of each pair are connected to each other by two 

commissures, rather than the typical one. 

A naupliar eye is present in most phyllopodans (Fig. 19-14A, 

19-15A) and consists of four pigment-cup ocelli. Paired lateral 

compound eyes are found in the large phyllopodans, but in the 

cladocerans they are fused into a single compound eye located 

on the midline (Fig. 19-15A). The sessile compound eyes are 

enclosed in an epidermal vesicle below the surface of the cara- 

pace. Cladoceran eyes are unusual in having extrinsic muscles 

that permit their rotation. The compound eye is used by many 

phyllopodans for orientation while swimming. 

REPRODUCTION AND DEVELOPMENT 
Reproduction is varied among phyllopodans, and there are 

many examples of gonochorism, hermaphroditism, bisexual 

reproduction, and parthenogenesis. Parthenogenesis is com- 

mon, and in some species males are scarce or unknown. 

Phyllopodans brood their eggs for various lengths of time 

and in various types of brood pouches, depending on the 

species. Cladocerans (Fig. 19-15, 19-16) and conchostracans 

(Fig. 19-14A) brood their eggs dorsally beneath the carapace. 

The brood chamber may be under the dorsal carapace 

(Cladocera) or associated with the phyllopods (Notostraca). 

The eggs hatch as nauplii (large phyllopodans) or miniature 

versions of the adults (most cladocerans). 

The gonads usually are paired tubes lying beside the gut, 

although sometimes they are single. The oviducts open into 

the brood pouch. Sperm are ameboid and aflagellate and 

have no acrosome, but do have a nuclear envelope. This com- 

bination of characters is unique among crustaceans. In clado- 
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FIGURE 19-15 Cladocera. A, Female of the anomopod Daphnia pulex (lateral view). B, Ventral view of 
Daphnia. C, Chydorus gibbus, an anomopod with a more rounded body than Daphnia puiex. Appendages are 
not shown. (A, After Matthes from Kaestner; C, From Pennak, R. W. 1989. Fresh-Water Invertebrates of the United 

States, Protozoa to Mollusca. 3rd edition. Wiley-Interscience, New York. 628pp.) 

cerans the sperm ducts from the testes open near the anus on 

the postabdomen, the latter being modified to function as a 

copulatory organ. In other phyllopodan species, the gono- 

pores open ventrally on various segments. 

Phyllopodans produce summer eggs and resting eggs. Both 

may be either parthenogenetic or fertilized. Some species 

reproduce solely by resting eggs, whereas others produce such 

eggs only when environmental conditions are deteriorating, 

and still others produce no resting eggs. 

The thin-shelled summer eggs, also known as subitaneous 

eggs, are produced under benign environmental conditions. 

Development in summer eggs is rapid, hatching may occur in 

the brood pouch, and juveniles may briefly remain in the 

pouch. Summer eggs are produced in clutches of two to 

several hundred and a single female may produce several 

clutches. Development in most cladocerans is direct, and 

young are released from the brood chamber by ventral flexion 

of the female’s postabdomen. In other phyllopodans develop- 

ment is indirect, and the eggs released by the female either fall 

to the bottom after only a brief brooding period or remain at- 

tached to the female and reach the bottom when she dies. 

These eggs hatch as nauplii. 

Resting eggs, or diapausing (dormant) eggs, are an adap- 

tation for life in ephemeral or periodically hostile habitats. 

The thick shell enables the egg or embryo to survive periods 

during which normal activity and metabolism are not feasible. 

Inside the eggshell, water content is less than 1% and the 

metabolic rate is reduced almost to zero. 

Production of resting eggs may be stimulated by a variety 

of external factors, such as population density, temperature, or 
photoperiod. A resting egg may undergo an initial period of 

development and become an embryo prior to entering dia- 

pause. Then, embryos are present and ready for rapid hatching 

when favorable environmental conditions return. Diapause is 

broken by favorable ecological conditions, which may be sig- 

naled by changes in dissolved oxygen tension, salinity, tempera- 

ture, or illumination. Such signals are species specific and 

related to the habitat. 
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FIGURE 19-16 Cladocera. A, The onychopod Polyphemus pediculus. 

B, The predatory haplopod Leptodora kindtii. (A, AfterLilljeborgfrom 

Pennak; B, From Martin, J. W. 1992. Branchiopoda. In Harrison, F. W., and 

Humes, A. G. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. Crustacea. 

Wiley-Liss, New York. pp. 25-224.) 

FIGURE 19-17 Cladocera. A, Ephippium of the anomopod Daphnia 

pulex. B and C, Cyclomorphosis in Daphnia. B, Summer long-headed 
form. C, Spring and fall round-headed form. (A, From a photograph 

by Pennak; B and C. After Pennak, R. W. 1989. Fresh-water Invertebrates 

of the United States, Protozoa to Mollusca. 3rd edition. Wiley-Interscience, 

New York. 628pp.) 

The life cycle of cladocerans consists of alternating episodes 

of parthenogenetic and bisexual reproduction and is similar to 

that of many rotifers. Reproduction is parthenogenetic and the 

population consists solely of females for several generations. 

These females produce diploid summer eggs, which hatch into 

more females. Each female produces a succession of partheno- 

genetic broods during this period. Direct development takes 

place in the dorsal brood pouch. When the young leave the 

pouch, the maternal exoskeleton is molted and a new clutch of 

eggs is released into the new brood chamber. The release of 

juveniles, molt, and subsequent egg laying can take place in 

five minutes. 

Eventually, some environmental factor, perhaps a change 

in photoperiod or water temperature, or a decreasing food 

supply caused by high population density, induces the females 

to pioduce haploid eggs that hatch into males. Once males 

are present in the population, mating occurs and females pro- 

duce fertilized, diploid, resting eggs. Only two such eggs, one 

from each ovary, are produced in a single clutch. They are 

released into the brood chamber, whose walls are then trans- 

formed into a protective capsule known as an ephippium (Fig. 

19-17A). The ephippium is cast off at the next molt and will 

either separate from or remain with the rest of the exuvium. 

The ephippia float, sink to the bottom, or adhere to objects 

and can withstand drying and freezing and even passage 

through the guts of planktivorous fishes, fish-eating birds, or 

mammals. By means of such protected, desiccation-resistant 

resting eggs, cladocerans may be dispersed over great dis- 

tances by wind or animals and can overwinter or survive sum- 

mer droughts. 

Some freshwater lake-inhabiting zooplankters undergo sea- 

sonal changes in morphology known as cyclomorphosis. In 

some cladocerans, such as Daphnia dubia and Daphnia retrocurva, 

the head progressively changes from a rounded, compact shape 

to a pointed, helmetlike shape between spring and midsummer 

(Fig. 19-17B,C). Cyclomorphosis may also involve lengthening 

the tail spine on the carapace and producing lateral teeth on 

the head. In the spring and early summer, long-headed juve- 

niles can be observed developing in the brood pouch of round- 

headed females. 

Cyclomorphosis is easily observed, and its occurrence is 

undisputed. Its purpose, on the other hand, is poorly under- 

stood. Any response to environmental conditions, such as 

cyclomorphosis, has causes at two levels. One, the proximate 
cause, is the environmental stimulus that elicits the response. 

In the case of cyclomorphosis, laboratory and field studies 

indicate that the long-headed form develops in response to 

some combination of high temperature, abundant food, tur- 

bulence, and the presence of predators. These are conditions 

that typically occur in the spring in north temperate lakes. 

The second cause, the ultimate cause, is the reason the 

pattern evolved in the first place and the reason it is advanta- 

geous to the animal. In the case of cyclomorphosis, the ulti- 

mate cause appears to be predation avoidance, and there is 

evidence that long-headed morphs suffer less from predation 

than round-headed ones do. 
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N OTOSTRAC A° 
Notostraca consists of only 10 species of benthic tadpole 

shrimps in the genera Triops and Lepidurus that are found in 

quiet, inland, fish-free waters. Notostracans resemble anostra- 

cans in some respects, but the similarities are now thought to 

be superficial and due to convergence. The body consists of 

a head, thorax, and abdomen, with no secondary tagmosis. An 

enormous depressed, shieldlike carapace covers the head, tho- 

rax, and most of the abdomen (Fig. 19-13). Sessile compound 

eyes are present on the anterior carapace. The mandibles are 

large and triturative. 

The trunk consists of up to 40 segments, but tagmosis into 

thorax and abdomen is ambiguous. Anterior trunk segments 

bear appendages and form the thorax. Segments anterior to 

segment 11, which is the genital^segment, each bear a single 

pair of appendages. There is no cephalothorax, but the first 

trunk appendage is highly modified and unlike those behind 

it. Posterior to the genital segment, fused thoracic segments 

form large rings. These rings may bear up to six pairs of 

appendages each, although most have fewer, and an animal 

with 40 rings may have as many as 70 pairs of trunk 

appendages. Most appendages are located on this posterior 

thoracic region. The cylindrical terminal region of the trunk, 

which lacks appendages, is the abdomen. It bears the telson 

and a caudal furca with elongate rami. 

Notostracans are distributed worldwide and may reach 

10 cm in length, although most are about 20 to 50 mm. They 

are omnivorous detritivores or predators, rather than suspen- 

sion feeders. The anterior nine pairs of thoracopods are used 

to collect sediment particles from the bottom, which is where 

notostracans, although they are good swimmers, spend most 

of their time. Adoption of a benthic feeding mode is a derived 

characteristic. 

The gut is an unelaborated J-shaped tube with a pair of 

short digestive ceca in the head. The heart in the thorax is a 

long dorsal tube with 11 pairs of ostia. The nervous system is 

ladderlike, without cephalization or medial fusion. The tubules 

of the paired maxillary glands are in the carapace (Fig. 19-13). 

The eggs are tolerant of desiccation and, in fact, a period of 

desiccation is required in some species. The hatching stage is 

metanauplius. 

LAEVICAUDATA0 AND 
SPINICAUDATA0 

These two taxa with several superficial similarities were for- 

merly grouped together in Gonchostraca, or clam shrimps, 

but are no longer thought to belong to a monophyletic taxon. 

Nevertheless, it is still convenient to refer to them unofficially 

as “conchostraca.” The 200 extant described species are char- 

acterized by the large, bivalved carapace that encloses the 

entire body (Fig. 19-14) so that, when viewed from the out- 

side, the animal resembles a small clam. The carapace is later- 

ally compressed, unlike that of notostracans, and equipped 

with a strong transverse adductor muscle. 

The compound eyes are sessile. The first antennae are ves- 

tigial and the second antennae are large, biramous, setose, 

and natatory. The mandibles are large and triturative. Both 

pairs of maxillae are vestigial. The first and usually the second 

trunk appendages of males are modified as claspers to hold 

the female during mating. The remaining trunk appendages 

are unspecialized phyllopods. All thoracic segments bear 

appendages and there is a short, limbless abdomen. The 

gnathobases form a wide ventral food groove. The phyllopods 

bear an epipodite that is probably osmoregulatory rather than 

respiratory, although it is known as a gill. 

Laevicaudata0: Carapace lacks concentric growth lines; com- 

posed of two independent valves joined by a median dorsal, 

longitudinal hinge. Flead is very large, occupying up to a 

third of the space inside the valves (Fig. 19-14A), articulated 

with the thorax, and can be extended through the gape 

between the valves. Thorax is short, with 10 to 12 segments. 

Cosmopolitan in ephemeral pools and streams. Up to 8 mm. 

One family, Lynceidae, with one genus, Lynceus. 

Spinicaudata0: Carapace valves formed by folding a single 

sheet of carapace into right and left halves; thus there is no 

distinct hinge. Carapace always has concentric growth rings 

(Fig. 19-14B) representing the persistent outer layer of the 

carapace, which remains after each molt. Head is small, not 

articulated with thorax, and cannot be extended outside 

the carapace. Thorax has 16 to 32 segments, each having 

a pair of appendages. Found in ephemeral pools and 

prairie streams; a few in permanent ponds. Up to 18 mm. 

Five families. Cyzicus, Leptestheria, Limnadia. 

CLADOCERAso 

Cladocera contains 11 families, with about 600 species, of similar 

microcrustaceans known collectively as water fleas (Fig. 19-15, 

19-16). In the new classification, Cladocera (Cladoceromorpha) 

has been divided into four new taxa, Anomopoda, Ctenopoda, 

Onychopoda, and Haplopoda. Cladocerans have a carapace that 

serves as a dorsal brood pouch (Fig. 19-15A). In most, the cara- 

pace is large and bivalved to enclose the trunk, but in some it is 

reduced to no more than the brood pouch. The compound eyes 

are fused to form a single movable eye equipped with muscles. 

There may also be a small median naupliar eye. The second 

antennae are large and are the major swimming organs. The 

first antennae are tiny. 

The trunk is short, with five or six pairs of appendages. In 

most taxa the abdomen is reduced and the region posterior to 

the thorax is known as the postabdomen and is without 

appendages, although it bears a caudal furca, whose rami are 

a pair of postabdominal claws, and a pair of large plumose 

setae (Fig. 19-15A). The anus is at the posterior end of the 

postabdomen. 

Most live in fresh water, but they are not restricted to relict- 

ual or temporary habitats as the large phyllopodans are. Most 

are either planktonic or benthic in inland waters, but some 

are interstitial, a few live in moist terrestrial environments 

(tropical leaf litter), and several are marine and planktonic. 

They are one of the three metazoan taxa that dominate the 

freshwater zooplankton (rotifers, cladocerans, and copepods). 

Most are suspension feeders, but a few are predators. Clado- 

cerans are generally small, usually about 4 to 6 mm, although 

they range from 0.25 to 18 mm. Cladocerans are the most suc- 

cessful of the living phyllopodans. 
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Diversity of Cladocera 

Anomopodas0: Trunk is short and enclosed by a well- 

developed, hingeless, laterally compressed, bivalve cara- 

pace (Fig. 19-15). Head is expanded dorsally and laterally 

to form a head shield. Trunk is short, its segments 

fused. Five or six pairs of dissimilar trunk appendages 

which do not beat in metachronal waves. Postabdomen 

reflexed anteriorly under trunk. Postabdomen has a 

pair of long setae and a pair of large terminal claws. 

Development is direct; hatch as miniature adults. Resting 

eggs enclosed in ephippium derived from the carapace. 

Freshwater. Nine families including Bosminidae, Chydori- 

dae, Daphniidae, Macrothricidae, and Moinidae. The 

majority of cladocerans are anomopods. Alona, Bosmina, 

Ceriodaphnia, Chydorus, Daphnia, Macrothrix, Moina, Scaph- 

oleberis. 

Ctenopodas0: Similar to anomopods. Short trunk is enclosed 

by well-developed, laterally compressed, bivalve carapace 

lacking a true hinge. No head shield. Six pairs of similar 

trunk appendages beat in rhythmic waves. Postabdomen has 

a pair of long setae and a pair of large terminal claws. Devel- 

opment is direct; hatch as miniature adults. Chiefly freshwa- 

ter, but one marine genus. Two families, Holopediidae and 

Sididae. Holopedium, Sida. 

Onychopodas0: Do not closely resemble anomopods or 

ctenopods. Head and trunk are short. Carapace is reduced, 

represented only by dorsal brood pouch (Fig. 19-16A); does 

not enclose trunk. Development is direct. Freshwater, marine 

predators. Trunk appendages raptorial, adapted for grasping 

rather than filtering. Includes Cercopagidae, Podonidae, 

Polyphemidae. Bythotrephes, Evadne, Podon, Polyphemus. 

Haplopodas0: Very different from other cladocerans. Elon- 

gate head and body (Fig. 19-16B). Carapace is a dorsal 

brood pouch in females, absent in males. Freshwater zoo- 

planktivores. Much larger than other cladocerans, up to 

18 mm. Anterior trunk. appendages are raptorial and 

adapted for grasping smaller zooplankters. Development 

indirect, hatching stage is a metanauplius. Leptodoridae 

the only family, Leptodora kindtii the only species. 

PHYLOGENY OF PHYLLOPODA 
In general, large phyllopodans (notostracans and conchos- 

tracans) exhibit primitive features believed to be retained 

from the ground plan of Phyllopoda, whereas cladocerans 

are derived (Fig. 19-18). The ground plan includes a pair of 

sessile compound eyes close to the midline but not contigu- 

ous. Each eye is sunk below the surface of the exoskeleton 

into an epidermal ocular vesicle that remains in communica- 
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FIGURE 19-18 Phylogeny of Phyllopoda. 1, Phyllopoda: Compound 
eye is sessile and enclosed in an epidermal vesicle; about 30 thoracopods 
in the stem phyllopod. 2, Diplostraca: Antennae 2 are large, biramous, 
and the major swimming organ; carapace with growth rings resulting 
from failure of the outer wall to molt; compound eyes median but not 
fused; abdomen reduced, short, reflexed ventrally, and limbless; eggs 
brooded in a dorsal brood chamber under the carapace; furcal rami are 
stout claws used for grooming. 3, Spinicaudata: Male has daspers on 
thoracopods 1 and 2. 4, Laevicaudata: Carapace has no growth lines, but 

has a distinct mid-dorsal hinge; head is large and can be extended from 
the carapace; thorax has fewer than 12 segments. 5, Cladocera: Com- 
pound eyes fused to form a single median eye; life cycle alternates 
between parthenogenesis and bisexual reproduction; direct devel- 
opment; ephippium encloses dormant eggs. 6, Notostraca: Benthic 
feeders, flattened, shieldlike carapace without an adductor muscle; 
second antennae reduced; first thoracopods have three antenniform, 
sensory branches; furcal rami is antenniform and very long. (After Ax, P 
2000. Multicellular Animals, II. Springer Verlag, Berlin.) 
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tion with the exterior by a small pore. The naupliar eye 

includes four pigment-cup ocelli. The trunk is divided into a 

thorax with about 30 pairs of appendages and a limbless 

abdomen. A caudal furca with short, stout rami is present. 

The body is relatively large, about 1 to 2 cm in length. The 

primitive phyllopodans are planktonic and use the thora- 

copods for filter feeding in open water. In a departure from 

the ancestral condition, notostracans have adopted a benthic 

existence in which they feed on organic particulates on the 

bottom or are predaceous. 

Diverging from the ground plan, conchostraca and Clado- 

cera have developed an enormous compressed carapace with 

two lateral valves that enclose most of the body. The thorax 

may be large or small, but the abdomen is reduced to a vestige 

reflexed below the body and equipped with stout furcal rami 

used for cleaning debris from under the carapace or from the 

thoracopods. 

In the derived Cladocera, the compound eyes coalesce on 

the midline to form a single median eye that remains enclosed 

in an ocular vesicle, but the connection with the exterior is 

closed. The number of thoracopods is greatly reduced to five 

or six and body length diminishes to 4 to 6 mm in most. 
<9 

PHYLOGENETIC HIERARCHY OF PHYLLOPODA 

Phyllopoda 

Diplostraca 

Spinicaudata 

Laevicaudata 

Cladocera 

Anomopoda 

Ctenopoda 

Onychopoda 

Haplopoda 

Notostraca 

M AL AC O STRAC Ac  
Large and successful Malacostraca, with 23,000 living species, 

contains over half of the known species of crustaceans. It 

includes most of the large well-known crustaceans, such as 

crabs, lobsters, crayfishes, and shrimps, in addition to an 

abundance of small but ecologically important species. 

Unlike other crustacean taxa, tagmosis, with few exceptions, 

is standardized. 

The head consists of 5 segments, as is true of all crustaceans, 

and the thorax always has 8 segments and the abdomen 

(almost) always has 6, plus the telson (Fig. 19-19), for a total of 

19 segments. The original malacostracan abdomen included 

seven segments and, although this condition persists in primitive 

taxa such as mysids and euphausiaceans, in most species two seg- 

ments have fused so the abdomen has only six segments. Mala- 

costraca also differs from all other major crustacean taxa, except 

Remipedia, in having abdominal appendages. There may or may 

not be a carapace and, if present, the amount of the trunk 

covered by it varies. The first antennae are often biramous. The 

exopod of each second antenna is frequently a flattened anten- 

nal scale (scaphocerite). 

Primitively, the thoracic appendages are similar and the 

endopod, used for crawling or grasping, is the more highly 

developed of the two branches (Fig. 19-20). Sometimes the 

exopod is lost and the resulting pereopod is uniramous. The 

typical malacostracan endopod has seven articles: from proxi- 

mal to distal, the coxa, basis, ischium, merus, carpus, propo- 

dus, and dactyl (Fig. 19-20). In most malacostracans one, two, 

or three anterior thoracic segments fuse with the head to 

form a cephalothorax (Fig. 19-1). Their appendages turn for- 

ward and become maxillipeds, which are auxiliary mouth- 

parts used in feeding. 

Usually the first five pairs of abdominal appendages are sim- 

ilar, biramous pleopods (Fig. 19-19) used for swimming, bur- 

rowing, creating a ventilating or feeding current, brooding 

eggs, or gas exchange. In the male, the first one or two 

1st abdominal segment Carapace Rostrum 1st antenna 

FIGURE 19-19 Malacostraca. Lateral view of body of a generalized malacostracan. In this example, all eight 

thoracic segments are independent of the head and there are no cephalothorax and no maxillipeds. The carapace 

covers the entire thorax and thoracic abdominal appendages are biramous. (After Caiman.) 
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FIGURE 19-20 Malacostraca. A biramous thoracic appendage of a 
generalized malacostracan. The endopod is an example of a stenopod. 
(After Caiman.) 

pleopods are often modified, forming copulatory gonopods for 

the indirect transfer of sperm to the female. In most malaco- 

stracans the sixth abdominal appendages are uropods consist- 

ing of a protopod and two flat, paddlelike rami (Fig. 19-19). 

The uropods, in conjunction with a flattened telson, form a tail 
fan which, when flexed, is capable of rapidly generating thrust. 

Flexion, accomplished by the powerful abdominal muscles, is 

responsible for the rapid backward escape response of cray- 

fishes, lobsters, and shrimps. 

The foregut usually consists of an esophagus and a charac- 

teristic two-chambered stomach, or proventriculus, bearing 

the triturating teeth of the gastric mill and the comblike filter- 

ing setae of the filter press. Within the stomach, food is 

chewed and chemical digestion begins. The soluble or very 

fine particulate products of this preliminary digestion are sent 

to the large digestive ceca for absorption. 

Female gonopores are always located on the sixth thoracic 

segment and male gonopores on the eighth. The nauplius 

larva is usually passed within the egg and the emerging indi- 

vidual is an advanced larva of some type. The naupliar eye has 

four pigment-cup ocelli. 

Malacostraca includes seven major taxa: Leptostraca, Sto- 

matopoda, Decapoda, Syncarida, Euphausiacea, Pancarida, 

and Peracarida. Of these the ecologically important Decapoda 

and Peracarida together account for about half of all crus- 

tacean species. 

LEPTOSTRACA0 

Leptostracans, or phyllocarids, are small, benthic marine mala- 

costracans. They look like tiny shrimps enclosed in an enor- 

mous carapace (Fig. 19-21). About 20 species occur worldwide 

and range in length from 10 to 40 mm. Except for a single 

planktonic species, all are benthic and found from the inter- 

tidal to the deep sea. Species of Nebalia occur in mud and 

seaweed on the both coasts of North America. 

Interest in leptostracans is chiefly from the standpoint of 

malacostracan evolution, as they are believed, based on mor- 

phological and paleontological evidence, to be its most primi- 

tive living members. The earliest known malacostracans were 

leptostracans from the Cambrian period. Leptostracans are 

probably similar to the first malacostracans and to the stem 

crustacean. 

The body consists of a head, thorax, and abdomen with no 

secondary reorganization into cephalothorax and pereon. 

The head has a pair of stalked compound eyes. Thoracic seg- 

ments are not fused with the head, maxillipeds are absent, and 

the eight pairs of homonomous thoracopods are biramous 

phyllopods. The two-part carapace consists of a small, mov- 

able, anterior rostrum articulated with the much larger poste- 

rior carapace proper (Fig. 19-21). The latter is bivalved and 

encloses the entire thorax and much of the abdomen. It 

FIGURE 19-21 Leptostraca. Female 
Nebalia bipes. (After Claus from. Caiman.) 
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arches over the dorsal midline and its right and left valves are 

held together by an adductor muscle. Contractions of this 

muscle bring the valves together. There is no specialized 

hinge, and elastic recoil of the flexed carapace opens the 

valves when the muscle relaxes. The carapace is not fused with 

any thoracic segments. 

The abdomen is of special interest, as it includes seven 

rather than the usual six segments (Fig. 19-21). The first six 

abdominal segments bear pleopods, of which the first four are 

large, biramous, and natatory. The last two are small and uni- 

ramous, and none of them is a uropod. The large telson that 

extends posteriorly from the seventh segment bears the termi- 

nal anus and the large caudal furca. 

Feeding methods vary and include deposit feeding and car- 

nivory, although most leptostracans are shallow-water suspension 

feeders. One planktonic species eat$ the eggs of other zooplank- 

ters. The gut is J-shaped with a posteriorly directed mouth. The 

foregut consists of the esophagus and stomach, and the long 

midgut has digestive ceca. The hindgut is a short rectum. 

The thoracic appendages and the vascularized carapace are 

the gas-exchange surfaces. The space under the carapace is 

a branchial chamber and, in females, a brood pouch. The res- 

piratory turrent is created by the thoracopods. The four ante- 

rior pairs of pleopods are natatory. Paired saccate nephridia 

are present in the antennal and maxillary segments. The heart 

is a long dorsal tube with seven pairs of ostia. Cephalization of 

the nervous system is slight, although there is a small 

subesophageal ganglion. The nerve cord is a chain of 17 seg- 

mental ganglia. The male gonopores are at the tips of a pair of 

penes. The eggs hatch as postlarvae with incomplete pleopods 

and temporarily remain in the brood pouch under the cara- 

pace. 

Three families with several genera, including Nebalia, 

Nebaliella, Nebaliopsis, and Paranebalia, are known. 

STOMATOPODA0 

The 300 species of marine crustaceans known as mantis 

shrimps constitute Stomatopoda. Mantis shrimp are highly 

specialized predators of fishes, crabs, shrimps, and molluscs, 

and many of their distinctive features are related to their rap- 

torial behavior. The dorsoventrally depressed body is divided 

into a head, thorax, and abdomen and there is no cephalotho- 

rax. The head bears a pair of large, stalked compound eyes 

and a single median naupliar eye. The first antennae are 

unusual in being triramous, with three flagella (Fig. 19-22). 

Each second antenna consists of a peduncle, flagellum, and 

large antennal scale. Dorsally, a shieldlike carapace (Fig. 

19-22) covers the head and first four thoracic segments. 

A movable median rostrum articulates with the anterior edge 

of the carapace and covers the bases of the eyestalks. 

Each of the eight thoracic segments bears a pair of thora- 

copods. The first of these are long and slender and are used 

for grooming. The second are subchelate, prehensile raptorial 

claws for capturing prey (Fig. 19-23). The inner edge of the 

distal article is armed with long spines or is shaped like the 

blade of a knife. The claw is extended rapidly for prey capture 

or defense. Thoracopods 3, 4, and 5 are also subchelate, but 

are much smaller than the raptorial claws. Thoracopods 6, 7, 

and 8 are relatively unspecialized walking legs. 

1st antenna 

Compound eye 

Scale of 2nd 
antenna 

Carapace 

8th thoracic 
appendage 

3rd abdominal 
segment 

Uropod 

Telson 
A 

Gill filament 
/ 

FIGURE 19-22 Stomatopoda. The mantis shrimp Squilla empusa. 
A, Dorsal view. B, Second pleopod and gill. (B, After Caiman.) 

The abdomen is muscular and well developed. Its five pairs 

of biramous pleopods bear filamentous gills (Fig. 19-22B). 

Abdominal gills are unusual in Crustacea, but are also charac- 

teristic of isopods. The sixth abdominal segment bears a pair 

of uropods and a large telson. The uropods and telson 

together form a tail fan. 

The mouth opens directly into a large stomach that fills the 

anterior cephalothorax. An enormous digestive cecum extends 

throughout the body, even into the telson. The heart is a long 

tube extending the length of the body, with 13 pairs of ostia. 

The hemal system has well-developed arteries and capillaries. 

Adults have a pair of maxillary glands. The nervous system 

includes the usual tripartite crustacean brain, a pair of very 

long circumenteric connectives, and a subesophageal gan- 

glion incorporating the ganglia of the head and first five 

thoracopods. The remaining appendages are served by the 
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FIGURE 19-23 Stomatopoda. Prey capture by a mantis shrimp that spears its prey. The second thoracic 

appendage rapidly unfolds and the barbs on the terminal finger are driven into the body of the prey. 

segmental ganglia of the ventral nerve cord. Mantis shrimps 

have the best-developed compound eyes of any crustacean. 

They not only detect moving objects, they apparently are also 

capable of depth perception. The antennae are important 

sites of chemoreception also used in prey detection when the 

range is short enough. 

There is a seminal receptacle on the oviduct and the sperm 

ducts produce sperm cords rather than spermatophores. 

Some mantis shrimp pair for life, with the partners sharing the 

same burrow or retreat, whereas others come together only 

for mating. The female broods up to 50,000 eggs, which are 

held together in a globular mass by means of an adhesive 

secretion. The hatching stage is a zoea and planktonic larval 

life may last for three months. 

Mantis shrimps range in size from small species approxi- 

mately 5 cm long to giants of 36 cm. Most are tropical, but 

Squilla empusa, which is about 18 cm long, is a common species 

on the North American Atlantic coast, where it is frequently 

caught in shrimp trawls. Many stomatopods are brilliantly col- 

ored. Green, blue, and red with deep mottling are common, 

and some species are striped or display other patterns. 

Most stomatopods live in rock or coral crevices or in bur- 

i ows excavated m the bottom. Squilla empusa lives in a U-shaped 

bmiow in soft sediments, but for winter quarters it may build 

a vertical burrow extending 4 m into the sediment. Some sto- 

matopods appropriate burrows excavated by other animals. 

4 he short carapace probably provides the flexibility needed to 

reverse direction and maneuver within the burrow. 

Unlike most crustaceans, mantis shrimps are neither scav- 

engers nor omnivores, but rather predators that require living 

prey. Many leave the burrow to forage for prey whereas others 
urk in the opening of the burrow and ambush passing prey. 

antls shrimps spear, slash, or smash their prey with the large, 
powerful raptorial claws. Many defend their burrows and terri- 

tories against other stomatopods, and species living in holes 

and crevices within coralline rock and rubble have complex 

social behaviors. r 

The 13 Recent families include Gonodactylidae (Gonydacty- 

lus), Lysiosqmlhdae (Lysiosquilla), and Squillidae (Squilla). 

DECAPODA0 

Decapoda includes shrimps, crayfishes, lobsters, and crabs and 

are certainly the most familiar crustaceans. Most decapods 

aie large and many are edible and support important fish- 

eries. The approximately 10,000 described species represent 

about one-quarter of the known crustaceans. Because of their 

large size, abundance, and ecological and economic impor- 

tance, decapods are the most carefully studied and best- 

known crustaceans. Most are marine and benthic, but the 

crayfishes and some shrimps and crabs have invaded fresh 

water A few crabs are terrestrial and some decapods are plank- 

tonic. 

The head often bears an anterior, median, immovable ros- 

trum (Fig. 19-1). Both pairs of antennae are biramous. The 

exopod of each second antenna is a flat antennal scale used to 

control the direction of water currents. The base of the sec- 

ond antenna contains the statocyst and the nephridiopore. 

The compound eyes are stalked. 

The hist three thoracic segments are fused with the head 

to form a cephalothorax. The appendages of these three seg- 

ments are maxillipeds, which function as mouthparts. The 

remaining five pairs of thoracic appendages are the 10 pereo- 

pods from which the name Decapoda (=10 feet) is derived. 

The first pair of pereopods is frequently enlarged and chelate 

to form a prehensile cheliped, or pincer (Fig. 19-30A) in 

which the last two articles form opposable fingers, one of 

which is movable and closes against the other. The remaining 

pereopods are usually stenopodous walking legs (Fig. 19-31) 

although some may be chelate. Decapod pereopods usually 

lack exopods and thus are uniramous, although they typically 

bear epipods modified as gills. 

The carapace is fused dorsally with all eight thoracic seg- 

ments. The five posterior thoracic segments are independent 

of the cephalothorax even though the carapace (Fig, 19-1) cov- 

ers and is attached to them. The sides of the overhanging cara- 

pace enclose the gills within well-defined, lateral branchial 

chambers (Fig. 19-3A, 19-36). The abdomen, or pleon, extends 

posteriorly from the thorax. 
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Diversity of Decapoda 
The central theme of decapod evolution is the transformation 

of the ancestral elongate, natant (swimming), shrimplike body 

to the derived, shortened, depressed, reptant (crawling), crab- 

like morphology, and decapod classification is based on the 

extent of this conversion. Although the classification of 

Decapoda is intricate, for our purposes most of its detail 

can be avoided. There are three basic decapod body shapes 

(Fig. 19-24): shrimplike (Penaeidea, Stenopodidea, Caridea; 

Fig. 19-25), lobsterlike (Astacidea, Thalassinidea, Palinura; Fig. 

19-26), and crablike (Anomura, Brachyura; Fig. 19-30). 

SHRIMPLIKE DECAPODS 

The shrimp body tends to be cylindrical or laterally com- 

pressed with a well-developed, muscular abdomen (Fig. 

19-25A). The cephalothorax often bears a keel-like, serrated 

rostrum. The legs are usually slender, and chelipeds may be 

present or absent. The exoskeleton is usually thin, flexible, 

and uncalcified. The pleopods, which are large and fringed, 

are the principal swimming organs, although rapid ventral 

flexion of the abdomen and its tail fan is used for quick 

backward darts. 

Most shrimps are bottom dwellers that use their pereopods 

for crawling. Although swimming with the pleopods is possi- 

ble, it is usually intermittent. They live among algae and sea 

grasses, beneath stones and shells, and within holes and 

abd car 

FIGURE 19-24 Decapoda. Comparison of carapace and abdomen in 

a shrimp, lobster, and crab showing the evolution of the short body 

form of crabs. (From Glaessner, M. F. 1969. Decapoda,. In Moore, R. C. (Ed.). 

Treatise on Invertebrate Paleontology. Pt. R. Arthropoda 4. Vol. 2. Geological 

Society of America and University of Kansas Press, Lawrence. p. 401.) 

crevices in coral and rock. Some, including many penaeids 

and the sand shrimps (Crangon), are shallow burrowers in soft 

bottoms and use the beating pleopods for digging. Their activ- 

ity patterns may be coordinated with light or tidal cycles. The 

edible pink shrimp Penaeus duorarum from the east coast of the 

United States lies quiescent on the sediment surface or buried 

during the day but actively crawls at night. Penaeus and related 

taxa are the most important commercially harvested shrimps. 

In the United States, shrimp fisheries are centered primarily 

along the southeastern Atlantic coast and the Gulf of Mexico. 

Penaeideans are the most primitive living decapods. 

The pistol, or snapping, shrimps (Alpheidae; Alpheus, 

Synalpheus) are a common and widely distributed family. 

Snapping shrimps live in holes and crevices in sponges or 

beneath shells, rocks, and coral rubble, or construct retreats 

or burrows. These 3- to 6-cm-long shrimps have one greatly 

enlarged cheliped (Fig. 19-25B). The base of the movable 

finger contains a large, tuberculate process that fits into 

a socket on the immovable finger. The movable finger is 

locked, or cocked, when contact is made between two spe- 

cialized discs, one at the base of the elevated finger and one 

on the immovable finger. The adhesive force between the 

discs prevents the finger from closing until the contracting 

muscle has generated a counteracting pull. When the mus- 

cle overcomes the adhesive force and the finger closes, it 

results in cavitation in the vicinity of the discs. The collapse 

of the cavity is apparently what makes the noise. Although 

some species have been reported to use the snapping mech- 

anism in predation (cracking small clams and stunning 

fish), it also functions in agonistic (threat) displays between 

individuals and probably helps maintain a uniform disper- 

sion pattern among members of a population. 

A number of shrimps of several taxa that are collectively 

known as cleaning shrimps remove ectoparasites and other 

unwanted materials from the surfaces of reef fishes (Fig. 

19-25C). The shrimp may climb over the fish and even enter 

its mouth and gill chamber in search of parasites, which it 

removes and eats. 

Pelagic shrimps living in the upper 500 m (the epipelagic 

and upper mesopelagic zones of the ocean) tend to be trans- 

parent or semitransparent, whereas those living below about 

500 m are red. Many of the latter group also have biolumines- 

cent organs, or photophores, located internally or on the body 

surface. Among the best-known bioluminescent species are 

those belonging to Sergestes and Sergia. 

LOBSTERLIKE DECAPODS 

The remaining decapods are benthic animals adapted for 

crawling and are lobster- or crablike, with the body tending 

to be dorsoventrally flattened. The legs usually are heavier 

than those of shrimps, and typically the first pair are power- 

ful chelipeds. The pleopods are not adapted for swimming. 

In many taxa, the more primitive, long-bodied shrimp form 

(Fig. 19-24A) has been shortened by folding the abdomen 

ventrally beneath the thorax (Fig. 19-24C). This evolution of 

the “crab” form occurred independently a number of times 

in decapods. 
Lobsterlike decapods such as lobsters, crayfishes, and bur- 

rowing shrimps are intermediate between shrimps and crabs. 
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FIGURE I*-*! Decapoda. Representatives of the three higher taxa (infraorders) of shrimps. A, Penaeus 
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They have large, shrimplike abdomens with the full comple- 

ment of appendages and the carapace is longer than it is broad 

(Fig. 19-24B, 19-26). Lobsters and crayfishes crawl with the 

pereopods but can rapidly escape backward by flexing the 

abdomen and its tail fan ventrally, as do shrimps. The pleopods 
are used for ventilation. 

Lobsters (Fig. 19-27) are heavy-bodied decapods that 

generally inhabit holes and crevices on rocky and coralline 

bottoms. Members of Nephropidae have large chelipeds and 
are similar in morphology to the closely related crayfishes. 

One of them, the American lobster, Homarus americanus, 

may reach a length of 60 cm and a weight of 22 kg. This 

species is fished commercially using pots, or traps, which the 

animal enters seeking shelter or bait. The frozen lobster 

tails sold in food markets are mostly species of spiny and 

slipper lobsters shipped from various tropical and subtropi- 
cal parts of the world. These tropical lobsters do not have 

chelipeds. Burrowing ghost shrimps or mud shrimps (Cal- 

lianassa, Thalassina, and Upogebia) are shallow-water or inter- 

tidal decapods that live in long, deep burrows excavated in 

sand or mud (Fig. 19-26). 

CRABLIKE DECAPODS 

The lemaining decapods are crabs belonging to two taxa, 

Anomura and Brachyura. Anomura continues the transition 

from shrimps to true crabs (Brachyura). Some are easily rec- 

ognized as crabs (Fig. 19-30A), but some are not at all crablike 
(Fig. 19-29A) and some are intermediate (Fig. 19-28). The 

abdomen is usually moderately reduced and may or may not 

be flexed beneath the cephalothorax. Uropods are usually 

present on the abdomen (Fig. 19-30B). The fifth legs are re- 

duced and located beneath the sides of the carapace or folded 

above the posterior carapace (Fig. 19-30B). 

Most anomurans are hermit crabs (Fig. 19-28). These dis- 

tinctive decapods appropriate discarded snail shells for use 
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FIGURE 19-26 Decapoda. Upogebia affinis, a species of 
burrowing shrimp from the southeast coast of the United 
States. (From Ruppert, E. E., and Fox, R. S. 1988. Seashore Animals 

of the Southeast. University of South Carolina Press, Columbia.) 

FIGURE 19-27 Decapoda. The American lobster, Homarus 
americanus, the lobster of commercial importance along the 
northeastern coast of the United States. 

as portable domiciles. The hermit crab condition probably 

originated with ancestors that utilized crevices and holes as 

protective retreats. In most hermit crabs, the large abdomen 

is not flexed beneath the cephalothorax. Instead, it is asym- 

metrical and modified to fit within the spiral chamber of a 

gastropod shell. The vulnerable abdomen is covered with a 

thin, soft, nonsegmented cuticle. On the right side of the 

abdomen the pleopods are reduced or lost, whereas those on 

the left are retained in the females to carry eggs. The twist of 

the abdomen is adapted for right-handed (dextral) snails, 

although left-handed shells also can be used. As hermit crabs 

grow they must find progressively larger snail shells to 

accommodate them. A shortage of suitable shells may limit 

the size of hermit crab populations. Hermit crabs rapidly 

make the transition from old to new shell. The soft abdomen 

is defenseless and crabs caught outside their shells are 

quickly consumed by predators. One or both chelipeds may 

form an operculum to block the aperture of the shell when 
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FIGURE 19-28 Decapoda, Anomura: Pagurid hermit crabs. A, Dorsal view of Pagurus out of its shell, showing 

the asymmetry of the large abdomen. B, A pagurid crab in a gastropod shell. 
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FIGURE 19-29 Decapoda, Anomura: Emerita talpoida, the mole crab, in the superfamily Hippoidea. This is 
a common crab on surf-swept beaches along the east coast of the United States. A, Lateral view of the animal 

buried in the sand. B, Surface view of the buried animal. The first antennae form an inhalant siphon to ventiiate 

the gills. The curved arrow indicates the ventilating current. The straight arrow indicates the direction of the 

receding wave. 

the crab is withdrawn. Most hermit crabs inhabit the shells of 

many different gastropods, depending on availability, and 

the shell supply can have a high turnover rate. 

In sand crabs (mole crabs), the characteristic abdominal 

flexion and ovoid, streamlined body are adaptations for 

rapid backward burrowing in sand (Fig. 19-29). Chelipeds 

are absent in these filter feeders. 

The most crablike anomurans are the little porcelain crabs 

(Fig. 19-30). Their flexed, symmetrical, crablike abdomen is 

not as reduced as it is in brachyurans. Porcelain crabs are com- 

mon shallow-water decapods in many parts of the world and 

often occur in large numbers, sometimes in the hundreds. 

Although they are much like brachyuran crabs, when dis- 

turbed, many species will swim by flapping the abdomen. 

The true crabs of Brachyura have the most highly specialized 

body form and, in terms of species numbers (over 4500), are 

the most successful decapods. Brachyurans are found in most 

benthic marine habitats and there are even a few freshwater 

Immovable finger 
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Telson 

FIGURE 19-30 Decapoda, Anomura: Petrolisthes, an anomuran crab belonging to the superfamily 

Galatheoidea. The members of this genus, like others in the family Porcellanidae (porcelain crabs) are common 
beneath stones in shallow water on rocky coasts. Note the reduced and folded fifth pair of legs and the 

retention of the uropods and telson on the folded abdomen. A, Dorsal view. B, Ventral view. The abdominal 

segments are numbered. 
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Pereopod 3 

FIGURE 19-31 Decapoda, Brachyura. Ventral 

view of a male crab in the family Portunidae 

(swimming crabs). In this family the fifth 

pereopods are oarlike and adapted for swimming. 

Note the small abdomen folded inconspicuously 

under the thorax. The abdomen of the female is 

much wider but in the same position. (B, After 

Schmitt from Rathbun.) 

and terrestrial species. The brachyuran body is strongly 

depressed and shortened, making it is as wide or wider than it is 

long. The carapace covers the cephalothorax and pereon dor- 

sally and laterally (Fig. 19-31). Ventrally, the segments of the 

thorax are easily seen (Fig. 19-31), but they are not visible dor- 

sally. The first pereopods are usually chelipeds and the others 

are walking, or occasionally swimming, legs. The abdomen is 

greatly reduced, inconspicuous, and flexed tightly under the 

pereon (Fig. 19-31). It is not visible unless the crab is held 

upside down. The uropods have been lost in all but a few primi- 

tive species. In the female, all pleopods are retained and used to 

hold the brooded egg mass (egg sponge) under the flexed 

abdomen. In males, the pleopods are lost except for two ante- 

rior pairs that are gonopods used for intromission. Flexion and 

reduction of the abdomen shift the center of gravity forward, 

under the thorax and the locomotory appendages (pereopods). 

Crabs can crawl forward slowly, but they more typically move 

sideways, especially when in a hurry. In this gait, the leading 

legs pull by flexing and the trailing legs push by extending. The 

chelipeds usually are not used in crawling. 

Dissodactylus mellitae, which is commensal on sand dollars, is 

among the smallest decapods. The carapace of this crab is 

only a few millimeters wide. At the other extreme, Macrocheira 

kaempferi, a Japanese spider crab, has the greatest leg span of 

any living arthropod (Fig. 19-32). The carapace may attain 

a length of 45 cm and the chelipeds may span 3 m. Some lob- 

sters have longer bodies, but none can approach this leg span. 

In general, decapods tend to be larger, sometimes much 

larger, than other crustaceans. 

Except as larvae, brachyurans are absent from pelagic habi- 

tats and most crabs cannot swim. Members of the Portunidae, 

however, are notable exceptions. This swimming crab family 

includes the common edible blue crab (Callinectes sapidus) of 

the American Atlantic coast. Swimming crabs are the most 

powerful and agile swimmers of all crustaceans. The last pair 

of thoracic legs terminate in broad, flattened paddles (Fig. 19- 

31) that create thrust by moving in a propeller-like figure- 

eight pattern. Portunid crabs can swim sideways, backward, 

and sometimes forward with great rapidity. Nevertheless, like 

other crabs, they are chiefly benthic animals and swim only oc- 

casionally. 

Although the chelipeds are important in defense, other 

protective devices and habits have evolved in many brachyu- 

rans. Some species carry sea anemones on their chelipeds. 

Some spider crabs are covered with hooked setae to which the 

crab attaches a variety of foreign objects (Fig. 19-33). This 

“decorating” habit is highly developed in some species and the 

body may be completely overgrown with living algae, sponges, 

and other sessile organisms. The camouflaged decorator crab 

remains relatively immobile during the day, when predators 

are active. 

Members of the pea crab family, Pinnotheridae, are com- 

mensal with other invertebrates. Pea crabs are always small, 

usually less than 1 cm in carapace width. Various species are 

adapted for living in polychaete tubes and burrows, in the 

mantle cavities of bivalves and snails, in tunicates, on sand dol- 

lars, and with other animals. Often the body is considerably 

modified for commensal existence. For example, the female 

oyster pea crab, Pinnotheres ostreum, spends her life inside the 

oyster shell and has a soft, unsclerotized exoskeleton whereas 

the male, which must leave the safety of the oyster to find 

a female, has a hard, sclerotized cuticle. These tiny crabs are 

often encountered when shucking oysters. Pea crabs respond 

positively to substances produced by the host and can detect 

and follow a scent trail to find its host. 

Many species of crabs support important commercial fish- 

eries throughout the world. The blue crab, Callinectes sapidus 

(Fig. 19-31), is the commercially important edible crab 

along the eastern and Gulf coasts of the United States, espe- 

cially in the Chesapeake Bay. Soft-shell crabs, so highly 

prized by epicures, are simply recently molted blue crabs 

whose carapace has not yet calcified. On the west and north- 

east coasts of the United States and in Europe, species of 

Cancer are used as food. Cancer magister, the Dungeness or 

market crab, is the most important edible species on the 

California coast. 
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FIGURE 19-32 Decapoda, Brachyura: The Japanese spider crab 
Macrocheira kaempferi, the largest living arthropod. Note the five 
pairs of pereopods, the first of which are the chelate chelipeds. The 
abdomen of this brachyuran crab is folded out of sight under the 
thorax. 

Nutrition 

FEEDING 

The decapod mouth is on the ventral surface of the head sur- 

rounded and covered by a multitude of mouthparts. The area 

around the mouth, including the mouthparts, is the buccal 

frame (Fig. 19-31). Anteriorly and posteriorly it is protected by 

outgrowths of the body wall, which are not appendages. Of 

these, the labrum, or upper lip, is anterior to the mouth and the 

paragnath, oi lower lip, is posterior to it. Six pairs of appendages 

are associated with the decapod mouth. The mandibles flank it, 

whereas the two pairs of maxillae and three of maxillipeds all 

attach posterior to it but extend anteriorly to form a stack of five 

pairs of appendages covering the mandibles and mouth (Fig. 19- 

2A). The largest, heaviest, and outermost of these are the third 

maxillipeds, which define the buccal frame and cover and pro- 

tect the remaining, more delicate appendages. 

Decapods exhibit a wide range of feeding habits and diets, 
but most species combine predation with scavenging. Many 

decapods are herbivores, omnivores, or detritivores that feed 
on large food particles. Food is captured or grasped with the 

chelipeds and passed to the third maxillipeds, which push it 

between the other mouthparts. While the mandibles hold the 

food, pieces are torn away by the maxillae and maxillipeds and 

transferred to the mouth. 

The chelipeds are adapted to the feeding habits and food 

piefeiences of each species. Those that scrape algae from 
rocks or feed on detritus from the surface of sand and mud 

commonly have chelipeds with spoon-shaped fingers. Those 

that feed on molluscs have dimorphic chelipeds. The heavy 

crusher claw has blunt, molarlike teeth and is adapted for 

crushing shells whereas the cutter claw is lighter and adapted 

for cutting flesh (Fig. 19-27, 19-39). 

Detritus feeding and suspension feeding utilize small 

food particles. Fiddler crabs (Fig. 19-42) are small brachyu- 

rans that feed on organic detritus on intertidal sand or mud 

flats when the tide is out. A fresh supply of detritus is 

deposited on the mud by each flooding tide. Fiddler crabs 

have one or two small chelipeds that scoop up mud and 

detritus. The doorlike third maxillipeds open and the col- 

lected material is dumped into the buccal frame. Water 

from the branchial chamber washes the sediment through 

setal filters on the second and first maxillipeds to separate 

organic and mineral particles. The organic particles are 

ingested and the mineral particles are shaped into small pel- 

lets and discarded on the beach (Fig. 19-42). These pellets 

accumulate and may cover the surface of the mud flat by the 

time the tide returns. 

Many decapods are filter feeders that pass a water current 

through a sieve and harvest its load of suspended organic 

pai tides. The crustacean may generate the feeding current 

itself or take advantage of an existing current. Burrowing 

shrimps ((jallianassa, Gallic hit u s, Upogcbia) dig burrows in 

soft sediments and generate a feeding and ventilating 

cunent by rhythmic beating of their pleopods. Some com- 

mensal pea crabs take advantage of the respiratory current 

generated by the host. The maxillipeds are used as filtering 

appendages by many anomurans and the pea crabs, 

although some pea crabs living in oysters are known to 

feed on the mucous food strings collected by the host. Some 

burrowing shrimps filter with the first two pairs of legs, 
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FIGURE 19-33 Decapoda, Brachyura. A, A decorator crab (spider crab), Oregonia gracilis, camouflaged with 
attached organisms. B, Hooked setae on the leg of the decorator crab Podochela hemphilli. (From Wicksten, M. K. 
1980. Decorator crabs. Sci. Amer. 242(2):149.) 

whereas the porcelain crabs use the third pair of maxi- 

llipeds. Porcelain crabs also scrape detritus from rocks with 

their chelipeds. 

Among the most interesting filter feeders are the mole 

crabs, Emerita (Fig. 19-29A). These crabs live in the intertidal 

zone of open, surf-swept beaches and move up and down the 

beach with the flooding and ebbing tide. As each new wave 

rushes up the beach, it washes the crab out of the sand and 

moves it. The crab then uses its uropods and fourth legs to dig 

rapidly back into the sand. Thus established in the feeding 

position, with only the antennae and eyestalks extending 

above the sand (Fig. 19-29B), it feeds in the receding wave. 

The long, densely fringed, second antennae lie just above the 

sand surface and make a characteristic V-shaped ripple in the 

shallow receding water. In species such as Emerita talpoida, 

these antennae filter plankton and detritus from the receding 

wave. The first antennae together form an inhalant siphon to 

deliver oxygenated water to the gills. 

DIGESTION 

The decapod gut consists of an elaborate cuticularized foregut, 

an endodermal midgut with extensive digestive ceca, and a 

cuticularized hindgut. The role of the foregut is trituration, 

hydrolysis, and the separation of small digestible materials from 

large indigestible particles. Fine particles and solutes are routed 

to the digestive ceca, whereas coarse materials are either 

regurgitated through the mouth or sent to the intestine, incor- 

porated into fecal pellets, and voided through the anus. 

Typically, the foregut consists of a short esophagus leading 

into a capacious stomach (proventriculus), which in decapods 

is divided into a large, anterior cardiac chamber (Fig. 19-2B, 

19-34) and a smaller, posterior pyloric chamber. Being ecto- 

dermal, both chambers are lined with chitinous exoskeleton 

having teeth and setae in their walls. The two chambers are 

separated from each other by a constriction, through which 

there is bidirectional flow. In general, the dorsal region of 

each chamber specializes in large, indigestible particles des- 

tined for the intestine whereas the ventral portions process 

small, digestible organic material to be sent to the digestive 

ceca for absorption 

The cardiac chamber contains a cuticular gastric mill and 

a setal screen. The gastric mill consists of calcareous ossicles 

(teeth) that grind the food (Fig. 19-34). The triturating action 

of the mill and the movement of the stomach walls are accom- 

plished by extrinsic muscles attached to the ossicles. During 

trituration, extracellular digestion occurs by mixing the food 

with enzymes from the digestive ceca. The setal screen of the 

cardiac chamber is a filter of finely spaced setae that guards 

the ventral channel passing from the cardiac chamber to the 

pyloric chamber. After trituration and digestion, fine particles 

and solutes pass through the setal screen and enter the ventral 

region of the pyloric chamber. Coarse indigestible particles 
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FIGURE 19-34 Decapoda. Stomach of the crayfish, Astacus, in sagittal section. (AfterKaestner, A. 1970 

Invertebrate Zoology. Vol. 3. Wiley-Interscience, New York.) 

rejected by the setal screen follow the dorsal channel out of 

the cardiac chamber, through the pyloric chamber, and into 

the intestine to become feces. 

The pyloric chamber is divided into a dorsal channel that 

leads directly to the intestine and a complex ventral region 

through which digestible materials pass on their way to the 

digestive ceca (Fig. 19-34). The ventral region consists of a 

filtei pi ess and a gland filter. Digested food, which has been 

prefiltered by the setal screen, passes into a muscular middle 

region of the pyloric chamber known as the filter press (Fig. 

19-34). The gland filter guards the openings to the digestive 

ceca and is another setal filter with a mesh size even smaller 

than that of the setal screen. Contractions of the muscles of 

the filter press force the fluid across the gland filter and into 

the digestive ceca, whereas the rejected material is routed to 

the dorsal channel and into the intestine. The dorsal and ven- 

tral portions of the pyloric chamber are separated by the 

pyloric fold, whose setae prevent large particles from entering 

the gland filter. 

The digestive ceca are large organs consisting of numerous 

blind tubules arising as diverticula of the midgut (Fig. 19-35). 

The tubule epithelium has many roles in digestion. Its secre- 

cardiac stomach 

1st antenna 

Heart 

Gill cleaner 
epipod of 

Swimming maxilliped 2 
leg (5th) ~ 

Ostium FIGURE 19-35 Decapod, internal anatomy: 
A female blue crab, Callinectes sapidus, in dorsal 

dissection. (Drawing by Carolyn Herbert.) 
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cory cells produce the digestive enzymes that are sent anteri- 

orly to the cardiac chamber. Its absorptive cells phagocytose 

organic particles from the setal filter and digest them intracel- 

ularly. These cells are also responsible for the pinocytosis of 

soluble organic molecules. The absorptive cells store organic 

nolecules or release them into the surrounding blood in the 

nemocoel and package wastes from intracellular digestion in 

vesicles that undergo exocytosis into the tubule lumen. 

Coarse, indigestible material in the intestine is enclosed 

m a peritrophic membrane secreted by the midgut epithe- 

lium. The hindgut (rectum), a simple cuticularized tube 

connecting the intestine with the anus, is responsible for 

pumping an antiperistaltic flow of water into the gut from 

the anus, probably to facilitate the passage of feces through 

the intestine. 

Gas Exchange 
I Gas exchange is accomplished by up to 24 pairs of gills associ- 

ated with the thoracic appendages. The gills are epipods that 

arise in the embryo as tubular evaginations of the coxa, but 

rduring development some migrate to the nearby body wall. 

IThe gills Contain circulating blood and are surrounded by the 

circulating respiratory medium (water or air). The gill cuticle 

is very thin and permeable to facilitate the diffusion of gases 

across it. Because of its permeability, it is also permeable to 

other materials, such as ammonia and a variety of ions. The 

.gills are enclosed in the branchial chamber, or gill chamber, 

[formed of lateral extensions of the carapace known as bran- 

chiostegites (Fig. 19-36, 19-3A). The respiratory current is cir- 

culated through the chamber. 

Each gill consists of a longitudinal axis attached to the body 

and numerous gill filaments or lamellae (Fig. 19-37) that 

extend from it. Afferent blood channels (veins) in the axis 

bring unoxygenated blood to the gills and efferent channels 

itake oxygenated blood away. The thin, permeable cuticle that 

covers the filaments is molted periodically along with the rest 

of the exoskeleton. Gill filaments may be branched (dendro- 

branchiate), unbranched (filamentous or trichobranchiate), 

or lamellar (phyllobranchiate). 

Collectively, the gills form a curtain that divides each 

branchial chamber into a medial inhalant (hypobranchial) 

chamber and a lateral exhalant (epibranchial) chamber (Fig. 

19-36). Water enters the inhalant chamber through the inhal- 

ant apertures, flows laterally across the curtain of gill fila- 

ments into the exhalant chamber, and then flows anteriorly to 

exit through the exhalant apertures. The respiratory current 

is generated by the beating of a paddlelike gill bailer 

(scaphognathite), which is an epipod of the second maxilla in 

the anterior exhalant chamber. The bailer pulls water into 

the inhalant chamber through openings above the coxae 

(Fig. 19-38). 

The two exhalant apertures of decapods are always located 

anteriorly, beside the buccal frame, but the positions of the 

inhalant apertures vary. In shrimps, the ventral margins of the 

carapace fit loosely against the sides of the body, and water 

enters the branchial chamber at any point along the posterior 

and ventral edges of the carapace (Fig. 19-38A). In other 

decapods, the carapace fits somewhat more tightly and the 

entrance of water is limited to the posterior carapace margins 

and around the bases of the legs (Fig. 19-38B). The inhalant 

apertures are most restricted in the brachyuran crabs, in 

which they are confined to a well-defined, anterior opening at 

the base of each cheliped (Fig. 19-38C). The forward position 

of the restricted inhalant openings in brachyurans results in 

water taking a U-shaped course through the gill chambers. 

Upon entering the inhalant opening, the water passes posteri- 

orly into the medial inhalant side of the chamber and then 

moves dorsally, passing between the gill lamellae, where gases 

are exchanged. The exhalant current flows anteriorly in the 

upper part of the gill chamber and issues from exhalant aper- 

tures in the upper lateral corners of the buccal frame. 

Because the majority of decapods are bottom dwellers and 

many are burrowers, various mechanisms have evolved to avoid 

clogging the gills with sediment. The bases of the chelipeds in 

crabs and the coxae of the legs of crayfishes and lobsters bear 
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FIGURE 19-36 Decapod gas exchange. Cross 
section through the gill chamber of a crab 
showing a gill attached to the coxa. (From 

Kaestner, A. 1970. Invertebrate Zoology. Vol. 3. 

Wiley-Intersc.ience, New York.) 
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FIGURE 19-37 Decapod gas exchange. A and B, Dendritic, or dendrobranchiate, gill of penaeid shrimps. The 

gill filaments are branched. A, Transverse section. B, Lateral view of the entire gill. C and D, Filamentous, or 

trichobranchiate, gill of lobsters, crayfishes, and some other groups. The gill filaments are not branched.'C, 

Transverse section. D, Lateral view of the entire gill. E and F, Lamellar, or phyllobranchiate, gill of brachyuran 

crabs, most anomurans, and shrimps. The gill filaments are platelike. E, Transverse section. F, Lateral view of the 

entire gill. (All after Caiman.) 

sctiic that filter the inhalant stream (Fig. 19-36). In some 

shrimps the gills are cleaned with the first and second pairs of 
It gs and in some anomurans with the reduced last pair of legs. 

In crabs the gills are cleaned by the fringed epipods of the three 

maxillipeds (Fig. 19-35). These elongate epipods, especially 

those of the first maxillipeds, sweep up and down the surface of 

the gills, removing detritus. To further clean the gills and 

branchial chamber, the gill bailer of many decapods periodi- 

cally reverses its beat and back-flushes the gills. When partially 

buried in sand, many crabs reverse the direction of the ventilat- 
ing current so that water enters the more dorsally located 

exhalant apertures beside the buccal frame and exits through 

the ventral “inhalant” aperture at the base of the cheliped. 

Internal Transport 
The decapod hemal system consists of a heart, a well-developed 

arterial system, capillaries, and venous sinuses. The blood, or 

hemolymph, contains hemocytes and the respiratory pigment 

hemocyanin in solution in the plasma. In large, active species, 

such as the swimming crabs, hemocyanin transports about 90% 

of the oxygen required by the tissues. 

The heart has lost its primitive tubular morphology and is 

a rectangular sac surrounded by the pericardial sinus in the 

thorax (Fig. 19-35, 19-2B). Three pairs of ostia penetrate its 

thick muscular walls. Complete circulation has been estimated 

to take from 40 to 60 s in large decapods. 

The hemal system of the blue crab, Callinectes sapidus, has 

been carefully studied using a variety of techniques, including 

injection with resins and X-ray opaque dyes (Fig. 19-39). 

These studies have shown that well-defined arteries, arterioles, 

and abundant capillary-like vessels deliver blood to the tissues, 

but that most of the venous return is in sinuses. Although 

the arterial walls lack muscles, they are supported by collagen 

and elastic hbeis and function to some degree as pressure 

reservoirs. Muscular sphincters in the arteries provide some 

control over the distribution of blood. Seven major arteries 

exit the heart and deliver blood to the tissue capillaries. 
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Gill 

FIGURE 19-38 Decapod gas exchange. Paths of water circulation 
through the gill chamber of representatives of the three morphological 
types of decapods, showing progressive restriction of openings into the 
chamber. A, Shrimp: water enters along entire ventral and posterior 
margin of the carapace. B, Crayfish: water enters at the bases of the 
legs and at the posterior carapace margin. C, Crab: water enters only 
at the base of the cheliped. 

Venous blood leaving the capillaries enters tiny lacunae in the 

tissues and then collects in large sinuses, eventually making its 

way to a large, median, ventral thoracic sinus. From here it 

enters a set of well-defined afferent and efferent branchial 

veins to and from the gill lamellae. Oxygenated blood leaves 

the gills via the efferent branchial vein to enter the bran- 
chiopericardial vein (similar to the pneumopericardial sinus 

of arachnids), which empties into the pericardial sinus. Blood 

from the pericardial sinus enters the heart through the ostia. 

Outflow from the heart is through seven arteries (Fig. 

19-2B, 19-3A, 19-39). The anterior aorta extends to a swelling 

called the cor frontale, from which arise arteries to the eyes, 

X-organ, antennae, and brain. Paired anterior lateral arteries 

supply the antennal glands, stomach muscles, gonads, epider- 

mis, digestive ceca, and some mandibular muscles. Paired 

hepatic arteries (lateral arteries) supply the digestive ceca. 

The unpaired posterior aorta (dorsal abdominal artery) sup- 

plies the abdomen and hindgut. This vessel is large in shrimp- 

like decapods with powerful abdominal muscles, but is small 

in the true crabs. The largest of the seven is the unpaired ster- 

nal artery, which runs ventrally to the sternum and then 

divides into the anterior ventral thoracic artery, which has 

branches to the pereopods and mouthparts, and the poste- 

rior ventral abdominal artery running to the abdomen and 

hindgut. 

Excretion 
Most decapods are ammonotelic and excrete nitrogenous 

wastes across the gill epithelia. The nephridia are osmoregula- 

tory organs responsible for regulating ion concentration and 

fluid volume. Marine decapods are usually isosmotic osmocon- 

formers that match their blood osmolarity to that of the envi- 

ronment, whereas freshwater decapods are hyperosmotic 

osmoregulators that maintain internal osmolarities above the 

ambient level. 

The decapod excretory organs are especially well-developed 

saccate nephridia known as green or antennal glands (Fig. 

19-2A,B), with the nephridiopore on the base of the second 

antenna. The excretory tubule, which is more elaborate than 

in other crustaceans, is regionally specialized into a proximal 

labyrinth and distal bladder (Fig. 19-6B). In freshwater species 

an additional long, convoluted excretory canal occurs between 

the labyrinth and bladder. The greatly folded, glandular, 

spongy labyrinth walls selectively secrete and absorb ions to 

maintain the desired ion balance in the blood. The bladder is 

a storage sac for the final urine. A short duct connects the 

bladder with the nephridiopore. In brachyurans, the nephridi- 

opore is covered by a small, movable, cuticular operculum. 

The excretory canal of freshwater crayfishes resorbs ions 

from the ultrafiltrate to form a hyposmotic final urine. In the 

crayfish Astacus, the chloride concentration of the urine drops 

from 200 pM/L to 10 pM/L as it passes through the canal. 

Resorption of solutes by the canal enables these crustaceans to 

produce a dilute urine that eliminates excess water while 

conserving salts. As in freshwater fishes, the gill epithelium 

absorbs salts from the respiratory current to replace ions lost 

in the urine and by dialysis across the gill surfaces. The tubule 

of marine decapods lacks the excretory canal and forms urine 

that is isosmotic with the sea and blood. Although isosmotic, 

marine decapods nevertheless must regulate the concentra- 

tions of individual ions. For example, the nephridium of most 

marine decapods retains K+ and Ca2+ while eliminating Mg2+ 

and S04
2 ~. 

FRESHWATER DECAPODS 

Decapods have made several invasions of freshwater and terres- 

trial habitats but, with the exception of the crayfishes, none has 

been extensive. Success in fresh water has been considerably 

greater than on land, largely because of the crayfishes. Fresh- 

water decapods include shrimps, crayfishes, and brachyuran 

crabs, whereas terrestrial decapods are all crabs. 

Freshwater shrimps belong to Atyidae and Palaemonidae. 

Atyids are scrapers or filter feeders that inhabit streams, pools, 

lakes, and subterranean waters, mostly in tropical and subtrop- 

ical regions. Three species are found in the United States, one 

of them in Mammoth Cave, Kentucky. These are probably 

relictual populations surviving from more widespread distribu- 

tions. Palaemonidae includes marine, brackish, and freshwater 

shrimps. Species of Palaemonetes and Macrobrachium have repre- 

sentatives in temperate and tropical fresh waters 

Crayfishes are the most successful freshwater decapods. 

Approximately 400 species are found throughout the world in 

streams, ponds, lakes, and caves and over 300 of these are 

endemic to North America. Some live beneath stones or 

among debris. Many species excavate burrows, which they use 

as retreats and for overwintering. Burrowing crayfishes com- 

monly inhabit river flood plains where the water table is near 

the ground surface and they may be semiterrestrial. A chim- 

ney constructed of excavated mud typically rises above the 
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FIGURE 19-39 Decapod hemal system: The arterial system of the blue crab, Callinectes sapidus This is an 
X-ray photograph taken following injection of barium sulfate into the pericardial sinus. Some arteries are not 

crab the ooste'5 a?eries of a" Pereopods (for example, PI, P4) are visible. In this brachyuran 
Note th T „ “ m sma"er ,han * WOu!d be in a decapod wi,h a *ar9e' muscular abdomen 

the dim 6X
h 

bran‘h'n9 ° the Ven,ra' ,horacic artery <VTA>t0 suPP'y tha maxillipeds and mouthparts Note the dimorphism of the chelipeds. The crusher claw is on the left and the cutter claw on the right The paddlelike 

morphology of pereopod 5 is apparent. ALA, anterior lateral arteries; BCV, branchiopericardial veins H heart 
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burrow opening. Most crayfishes are less than 10 cm long, but 

some Australian species reach the size of lobsters. Crayfishes 

are omnivores. 

Many brachyuran crabs tolerate brackish or fresh water, but 

most have marine larvae and must return to salt water to 

release them. The Chinese mitten crab, Eriocheir (Fig. 19-40A), 

originated in Asian rivers and rice paddies but is now common 
m Europe, which it invaded around 1912, probably by way of 

larvae transported in ship ballast water. One of the mud crabs 

Rhithropanopeus, of the American Atlantic coast, occurs in salt 
water and in freshwater ditches. It has been introduced into 

northern Europe and San Francisco Bay, probably via ballast 

water. Ballast water is a common transport mechanism result- 
ing in the accidental and often ecologically disastrous intro- 

duction of exotic species, both marine and freshwater. The 

blue crab, Callinectes sapidus, is broadly euryhaline and ranges 

far up into brackish estuaries, bays, and rivers, especially those 

with high calcium concentrations. 

Some very successful but poorly known freshwater decapods 

are the so-called river crabs (Potamidae; Fig. 19-40B). Occurring 

in all tropical regions, from the mouths of rivers to elevations of 

5000 m, these brachyuran crabs have direct development with 

no larval stage and complete their entire life cycle in fresh water. 

All brackish and freshwater crabs excrete urine that is isosmotic 

with the blood and regulate ion balance by ion absorption 

through the gills. 

TERRESTRIAL DECAPODS 

Tenestiial decapods are restricted to a few families of anomu- 

ran anc^ biachyuran crabs. Anomura is represented by the 
tropical land hermit crabs, Coenobita, which are often sold in 

pet shops, and the closely related coconut crab, Birgus. Both 

are found in Indo-Pacific regions, and Coenobita also occurs in 

the tropical western Atlantic and Caribbean. The land hermits 

live close to the shore and use either fresh or seawater to wet 
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FIGURE 19-40 Decapoda: Freshwater crabs. A, The Chinese mitten crab, Eriocheir sinensis, in a rice paddy. 
This amphibious freshwater brachyuran is native to southern Asia but has been introduced into the Rhine and 
Elbe Rivers of Europe. B, A river crab, Potamon anomalus (Potamonidae). (A, After Schmitt) 

their body and respiratory surfaces. Adult coconut crabs have 

abandoned the hermit crab habit and acquired a crablike 

form with a flexed abdomen. The adults live in burrows far- 

ther back from the sea, but remain close to the coast. Coconut 

crabs feed on carrion and vegetation, both decaying and fresh, 

and can dehusk and open coconuts. They obtain water by 

drinking. Both Coenobita and Birgus have reduced gills and 

branchial chambers converted into lungs with highly vascular- 

ized areas for gas exchange. At least in Birgus, most nitroge- 

nous waste is excreted as water-conserving uric acid. Internal 

gas-exchange and uricotely are adaptations for water conserva- 

tion characteristic of terrestrial arthropods. 

Most terrestrial decapods are brachyuran crabs probably 

because, of all the decapods, brachyuran locomotion is best 

suited for movement on land and their enclosed branchial 

chamber, with its restricted inhalant and exhalant apertures,, is 

the easiest to protect from desiccation. Although the living ter- 

restrial crabs are derived independently from several different 

land invasions, most display similar adaptations. 

Desiccation is a major problem facing every terrestrial ani- 

mal and the chief reason for the decapods’ lack of success on 

land is probably their failure to control it. Gills are poorly 

suited for terrestrial respiration because they are difficult to 

support in air and are notoriously vulnerable to evaporative 

water loss. There is a tendency for the branchial chamber to 

become lunglike, adding new respiratory surface and reduc- 

ing gill surface to decrease water loss. Fortunately, due to the 

far higher oxygen concentration of air in comparison with 

water, less respiratory surface is required. The gill bailer con- 

tinues to generate the ventilating current, which is now air 

instead of water. Ammonia is unsuitable as an excretory prod- 

uct for terrestrial animals because its toxicity demands large 

amounts of water for dilution. A nephridium incapable of con- 

serving water by making a scant, concentrated urine is mal- 

adaptive for terrestrial life. No terrestrial crab can excrete a 

urine hyperosmotic to the blood even though such a capabil- 

ity would aid in water conservation. They can, however, save 

water by excreting scant urine. Some, such as the coconut 

crab, excrete uric acid, which is eliminated with the feces and 

requires no water. A cuticle lacking a waxy waterproof epicuti- 

cle subjects its owner to serious desiccation problems. The 

crustacean cuticle is not waterproof, and evaporation across 

the cuticle of terrestrial crabs is always much greater than is 

that of more successful terrestrial arthropods such as arach- 

nids and insects. A terrestrial crab must have a source of water 

to replace that lost by evaporation and to keep the respiratory 

surfaces moist. Water is returned to the blood primarily by 

drinking, and the respiratory surface is often kept moist by 

taking up water from soil, dew, or rain. 

Terrestrial crabs tend to live in microhabitats having 

a lower temperature and higher humidity than ambient, and 

consequently evaporation is lower. Most dig into the soil and 

inhabit burrows or live beneath stones, and they are usually 

nocturnal. They are primarily vegetarians and scavengers and 

all can run rapidly. Their eyes are generally well developed. 

The name land crab usually refers to the members of 

Gecarcinidae, all of which are terrestrial. They are found in trop- 

ical and subtropical America, West Africa, and the Indo-Pacific 

area. The family includes Cardisoma (Fig. 19-41 A) and Gecarcinus, 

which live in burrows in coastal fields and woods in Texas, south- 

ern Florida, tropical America, and the West Indies. Although 

terrestrial as adults, reproductive requirements restrict the 

gecarcinids to habitats within about 10 km of the coast. Females 

brood the eggs until the embryos reach the protozoea or zoea 

stage, at which time the females join mass migrations to release 

the larvae in the sea. 

There are also some terrestrial members of the river crab 

family, Potamidae. These crabs have direct development, with- 

out a larval stage, and the young hatch as miniature crabs. The 

females do not return to the sea to release larvae, as other ter- 

restrial crabs do. Alone among terrestrial crabs, the potamids 

are independent of the sea and may occur hundreds of miles 

inland. 

Ocypodidae includes some of the most familiar amphibious 

and terrestrial crabs, including ghost and fiddler crabs. Ghost 

crabs (Ocypode) are common in many parts of the world, 

including the east coast of the United States (Fig. 19-41B). 

They are several times larger than fiddler crabs and are 
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FIGURE 19-41 Brachyura: Terrestrial crabs. A, The gecarcinid land 
crab Cardisoma guanhumi, of the West Indies and Florida. B, The 

Indo-Pacific ghost crab, Ocypode ceratophthalma. (B, Based on a 

photograph by Mealy and Yaldwyn.) 

solitary, never occurring in large aggregations. Their widely 

separated burrows are usually above the high-tide mark on the 

upper beach or in the dunes. Ghost crabs are largely noctur- 

nal and visit the lower beach to prey on clams, mole crabs, and 

even sea turtle hatchlings, or to scavenge for dead organisms. 

About 65 species of semiterrestrial fiddler crabs (Uca) are 

known. They live on protected, low-energy, sand and mud 

beaches of bays and estuaries, in brackish marshes, and in 

mangroves. Although most species are tropical and subtropi- 

cal, fiddler crabs are found on both the east and west coasts of 

North America. Xhe crabs dig their burrows in the intertidal 

or supratidal zones and then close and occupy them during 

high tide. With the ebbing tide, the crabs come out of their 

burrows to feed, court, and mate (Fig. 19-42), and large num- 

bers may be present on a beach. 

The family Grapsidae contains perhaps the most ecologi- 

cally diverse assemblage of crabs, including marine, brackish- 

watei, fieshwater, amphibious, arboreal, and terrestrial species. 

Amphibious grapsids include Sesarma, which lives beneath drift 
and stones, the agile, rock-inhabiting Grapsus; and numerous 

mangrove inhabitants such as Aratus, which lives in trees. The 

Jamaican Metapaulias depressus spends part of its life in the 

water-holding leaf axils of arboreal bromeliads. 

Nervous System 
Decapods display a great deal of variability in the cephaliza- 

tion of the nervous system. In primitive decapods, such as 

shrimps and crayfishes with large muscular abdomens, the 

CNS is relatively uncephalized. It consists of a dorsal brain, 

a subesophageal ganglion serving all the mouthparts except 

the third maxillipeds, and a ventral nerve cord with seg- 

mental ganglia in thoracic segments 3 through 8 and all ab- 

dominal segments (Fig. 19-2B). At the other extreme, the 

brachyurans, with their reduced abdomens, have a highly 

cephalized nervous system in which all the segmental ganglia 

have coalesced to form a single very large subesophageal 

ganglion (thoracic ganglion) and there is no ventral nerve 

cord. Other decapods with intermediate development of 

the abdomen, such as the anomurans, exhibit interme- 

diate cephalization. 

Sense Organs 
As in other crustaceans, the legs and antennae are important 

sites for the detection of environmental information. Aes- 

thetascs typically are present on the first antennae (Fig. 19-7A) 

FIGURE 19-42 Brachyura: Fiddler crabs on a beach at low tide. Three burrow openings are shown each 
surrounded by large balls of sediment produced during the excavation of the burrow. The crab in the 

males on theTf, ^ 5ma" Xe''PedS j5 a feedin9 female grounded by discarded small sand pellets. The two 

coumhTp display. C°mbat ma'e °n the ^ iS wavin9 the lar9e Aliped in 
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and are important for locating food and recognizing con- 

specifics and their sexual condition. Many decapods groom 

the antennae frequently to prevent fouling of the aesthetascs. 

Although there are some blind decapods, particularly in 

the deep sea and among cave-dwelling crayfishes, the stalked 

compound eyes are usually highly developed and the eyestalk 

is more mobile than in most other crustaceans. The omma- 

tidia consist of a cuticular cornea, a four-celled cone, a cone 

stalk (in superpositional eyes), and a retinula of eight retinu- 

lar cells (seven of which contribute to the rhabdome). Both 

appositional and superpositional eyes are present in decapods. 

Almost all decapods have a statocyst in the basal article of 

each first antenna (Fig. 19-7B). The decapod statocyst is a water- 

filled cavity that arises by invagination of the surface ectoderm 

and retains an opening to the outside. The cavity is lined by tiny 

mechanoreceptive setae. The dendrites of sensory neurons at- 

tached to the setae report any deflection of a seta to the brain. A 

statolith composed of sand grains cemented together by secre- 

tions of the statocyst epithelium rests on the bed of these setae 

and is unattached and free to move. The heavy statolith, pulled 

down by gravity, displaces a characteristic set of setae when the 

animal is in its resting posture, and a steady procession of signals 

is sentto the brain via the antennular nerve. Any deviation from 

the resting posture results in movement of the statolith on its 

bed of setae, stimulating different setae and causing a change in 

the rate at which signals are sent to the brain. The brain inter- 

prets the input from the receptor setae to determine the orienta- 

tion of the animal in the gravitational field. Some crabs tem- 

porarily lose their sense of balance during ecdysis. 

Mechanoreceptive setae are tonic receptors. This type of 

receptor sends the brain a constant background of sponta- 

neous impulses, even when no stimulus is present. A stimulus, 

such as the deflection of a seta by a displaced statolith, causes 

a change in the frequency of the impulses. The brain inter- 

prets this change in frequency, not the ever-present back- 

ground impulses, as evidence of an event. Phasic receptors, in 

contrast, send the brain an action potential when an event 

occurs and are quiet at other times. 

The statocyst and its setae are exoskeletal structures that 

must be replaced, along with the statolith, with each molt. The 

statolith, however, is not epidermal, and after ecdysis it must 

be reconstructed with new sand grains from the environment. 

Sand grains for the new statolith enter the statocyst opening 

when the head is buried in sand or when the animal deliber- 

ately inserts sand grains into the cavity. The role of the stato- 

cyst was first demonstrated by rearing shrimp in an aquarium 

containing tiny iron particles but no sand. Upon molting, the 

shrimp utilized the iron to construct new statoliths and then 

responded to a magnetic held as if it were a gravitational held. 

For example, with a magnet held above them, the shrimp 

behaved as if they were upside down and attempted to right 

themselves even though they were already in their resting pos- 

ture with respect to the gravitational held. 

Crabs and some other decapods have statocysts capable of 

detecting acceleration in different directions, as the semicircu- 

lar canals of the vertebrate inner ear do. These statocysts have 

additional setae, remote from the statolith, that are deflected 

by the inertia of the water in the statocyst cavity (as are the 

neuromasts in vertebrate semicircular canals). For example, 

when at rest, both the cuticle and the water in the statocyst are 

motionless and the unstimulated neurons send a steady pro- 

cession of tonic signals to the brain. If the head moves, the 

cuticle of the statocyst moves at the same speed as the head, 

but the water lags behind. This causes the setae to move 

through the water and be deflected by it. The neurons alter 

the rate of propagation of the signals being sent to the brain, 

which interprets this as acceleration. 

Endocrine and Neurosecretory System 
The endocrine and neurosecretory systems of crustaceans and 

insects are the best known of any invertebrates, but among 

the crustaceans only the malacostracans, and especially the 

decapods, have been well studied. As in vertebrates, many 

extended or sustained events, such as molting, reproduction, 

and chromatophore dispersal, are controlled by hormones. 

Most crustacean hormones are neurosecretory products syn- 

thesized in the cell body and released by the axons of secre- 

tory neurons, but endocrine organs outside the nervous 

system also produce some hormones, usually under the con- 

trol of the nervous system. Hormones are released into the 

blood for transport to their target organs. 

The most important neurosecretory system of decapods is in 

the eyestalks (Fig. 19-43). (Sessile-eyed crustaceans have 

equivalent areas near the eyes.) Each eyestalk bears a com- 

pound eye at its apex, and within the stalk are the optic nerve 

and several clusters of secretory neuron cell bodies collectively 

FIGURE 19-43 Crustacea: Eyestalk neurosecretory system of 
a brachyuran crab. Axonal pathways are indicated by solid lines. 
Hemal pathways are dashed. (Redrawn from Welsh, W. H. 1961. 

Neurohumors and neurosecretion. In Waterman, T. H. (Ed.): The Physiology of 

Crustacea II. Sense Organs, Integration and Behavior. Academic Press, New 

York. pp. 281-311. 
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known as the X-organ. Each cluster of neurons secretes a 

different hormone, one of which is molt-inhibiting hormone. 
The axons of these neurons extend to and empty into a space 

known as the sinus gland, also in the eyestalk. The sinus gland 

is a center for the storage and release of hormones, but it is 

not known to produce any. The sinus gland is separated from 

the hemocoel by a thin, permeable membrane. Hormones 

synthesized by the neurosecretory cells of the X-organ are 

released from their axons into the sinus gland and move from 

there into the blood in the hemocoel. Normal blood circu- 

ladon distributes the hormones throughout the body to their 

target tissues. Additional neurosecretory centers in the brain 

and subesophageal ganglion also send axons and hormones to 

the sinus gland. 

The only endocrine organs known in Crustacea are the 

Y-organ, ovary, and androgenic gland. The Y-organ in the 

anterior cephalothorax is controlled, in part, by hormones 

from the sinus gland delivered by the blood. One of the hor- 

mones it secretes is ecdysone, which promotes molting. A simi- 

lar hormone is present in insects. 

Chromatophores 
Pigment-containing cells known as chromatophores, located 

in the connective tissue below the epidermis in areas where 

the overlying exoskeleton is thin or transparent, contribute to 

the color of crustaceans. The color displayed by each chro- 

matophore is variable, and their role is to change the color of 

the animal for purposes of thermoregulation or concealment. 

One mechanism by which chromatophores can alter the color 

of the animal is by dividing over a period of several days, 

thereby increasing the number of chromatophores and the 

total amount of pigment. Of more interest, however, is the 

ability of chromatophores to change color rapidly and re- 

versibly, without changing the number of cells or the amount 

of pigment present. 

The crustacean chromatophore is a cell with intracellular 

pigment granules and branched cytoplasmic processes (Fig. 

19-44). The cells occur in groups, sometimes as syncytia but 

usually as independent cells, and form multicellular chro- 

matophore organs of cooperating cells. Pigment granules 

migrate within each cell to alter the visual impact of the entire 

organ. When the granules are dispersed to occupy the maxi- 

mum surface, their visual impact is the greatest (Fig. 19-44A). 

When they are concentrated in a small spot in the center of 

the organ, their impact is minimized (Fig. 19-44B). 

White, red, yellow, blue, brown, and black chromatophore 

pigments are known. Red, yellow, and blue pigments are 

carotene derivatives obtained from the diet. The red com- 

pound so conspicuous in boiled crabs, lobsters, and shrimps is 

the carotenoid astaxanthin. In the exoskeleton of the living 

animal, it is conjugated with a protein and appears blue. Boil- 

ing denatures the protein and changes the color to the famil- 

iar red. Brown and black pigments are melanins. In some 

shrimps a single chromatophore may have one, two, three, or 

even four different pigments, which can migrate indepen- 

dently of one another. In general, however, most chro- 

matophores are monochromatic. 

The most common type of rapid (physiological) color 

change is the simple blanching and darkening typical of many 

crabs, including the fiddler crab, Uca. Fiddler crabs darken 

during the day and lighten at night (Fig. 19-44C). The rhythm 

is endogenous and persists in the absence of environmental 

cues. Many crustaceans, however, especially shrimps, are capa- 

ble of more elaborate color changes and can display a wide 

spectral range. The little shrimp Palaemonetes, for example, has 

trichromatic chromatophores with red, yellow, and blue pig- 

ments. Through the independent movement of these three 

primary colors, it can adapt to any background color, even 

black. Other species have similar abilities. The movement of 

chromatophore pigments is controlled by hormones from the 

sinus gland. 

Physiological Rhythms 
Pigment migration in chromatophores and ommatidia and 

other physiological processes often display a rhythmic activity 

in crustaceans. Such physiological rhythms, timed by “biologi- 

cal clocks’ have been studied extensively in a number of 

species, especially the green crab, Carcinus meanas, and the 

fiddler crab, Uca. Both crabs live on sand flats and in the 

intertidal zone of protected beaches, but Carcinus is active in 

the water at high tide and Uca is active on the exposed sand at 

low tide. Through dispersion and concentration of chro- 

matophore pigments, both species pale at night and darken 

during the day (Fig. 19-44C). The endogenous rhythm persists 

when the crabs are kept in constant light or darkness. Fiddler 

crabs flown from Woods Hole, Massachusetts, to California 

continue to blanch and darken on the Woods Hole tide sched- 

ule. Removal of the eyestalks, which secrete the pigment- 

controlling hormone, disrupts the rhythm in Carcinus and 

reduces its amplitude in Uca. 

Locomotor activity in both crabs follows the tide and is gov- 

erned by a biological clock entrained to lunar time. After 

about a week under constant conditions, the rhythm is lost. It 

can be restored by simply immersing Uca in seawater or by 

cooling Carcinus. The docks of both species can be set to a new 

tidal rhythm by subjecting the crabs to periods of cooling or 

high pressure that correspond to the desired tidal rhythm. 

Similar rhythms have been recorded for other crustaceans, 

such as the blue crab, Callinectes sapidus, and the semiterres- 

trial, intertidal isopod Ligia exotica. Epigean (surface-dwelling) 

species of crayfishes display a diurnal rhythm of locomotor 

activity, but such a rhythm is never present in cave species. 

Reproduction 
Most decapods are gonochoric, although a few are hermaph- 

roditic. Sperm transfer in decapods is indirect with sperma- 

tophores (Fig. 19-45) and usually with copulation. Fertilization 

may be internal or external. 

In general, male decapods have a pair of testes (Fig. 19-2B, 

19-3A) connected by a pair of sperm ducts to the male gono- 

pores on thoracic segment 8 (on the coxae of the fifth legs). 

The testes are located dorsally in the thorax and/or abdomen 

and their morphology is variable. The degree of development 

of the sperm duct varies depending on the extent of sper- 

matophore formation, but usually there is a proximal, secre- 

tory glandular region and a muscular, distal ejaculatory 

region. Spermatophores, formed in the secretory region, are 

thought to provide support and protection for the sperm dur- 

ing transfer and storage. Sperm have neither a midpiece nor 

flagellum and are tack- or star-shaped (Fig. 19-45D). 
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FIGURE 19-44 Crustacea. A and B, Crustacean 
chromatophore organs in which pigment is dispersed (A) 
and concentrated (B). Each chromatophore organ is a cluster 
of chromatophore cells. Processes radiate in all directions, 
not just in the plane of the page. C, Fiddler crabs in pale 
(nighttime) and dark (daytime) phases. (A and B, Based on 
a photograph by McNamara, 1981.) 

Penes may be present, but are not used for intromission. 

Instead, the anterior pleopods, known as gonopods, are modi- 

fied to serve as intromittent organs for the indirect transfer of 

spermatophores to the female. The penes, with the gonopores 

at their tips, usually transfer sperm from the testis to the 

gonopods, or rarely, directly to the female. For example, in 

many brachyurans the first pleopod is a long, slender tube 

open at both ends. The second pleopod is a long, slender pis- 

ton that fits into the tube. The short, flexible penis lies at the 

base of the cylinder and delivers a spermatophore to the base 

of the tube. The piston is then rammed through the tube to 

push the spermatophore to the female. 

Females usually have a pair of ovaries (Fig. 19-35) located 

dorsally in the thorax and abdomen and connected to the 

exterior by a pair of oviducts. The oviducts open ventrally on 

the sixth thoracic segment at the base of the third pereopods. 

Primitively, spermatophores are simply attached to the female 

sternites, but in most decapods they are injected into an inter- 

nal or external seminal receptacle, where they are stored, 

sometimes for several years, until fertilization. Seminal recep- 

tacles may be invaginations of the exoskeleton (external) or 

a dilation of the oviduct (internal). In decapods with internal 

fertilization (brachyurans), spermatophores are deposited 

directly into an internal seminal receptacle. In those with 

external fertilization (most decapods), the spermatophores 

are placed on the ventral surface of the female or in an exter- 

nal receptacle and fertilization occurs as the eggs exit the 

gonopores. 

Aquatic decapods are attracted to each other by olfactory 

(pheromonal) and tactile cues, whereas terrestrial species use 

visual and auditory signals. Precopulatory courtship rituals are 

common. In many decapods a male’s access to the interior of 

the seminal receptacle is possible only during a brief period 

immediately following a female molt, when the cuticle is soft. 

In many brachyurans the male carries the female beneath his 

sternum while he awaits her upcoming molt. He releases her 

while she molts and then copulation occurs. 

Visual and acoustical signals are of special importance for 

attraction in terrestrial species. The semiterrestrial fiddler 

crabs (Uca) go through an elaborate courtship behavior that 

has been studied in considerable detail. Males entice females 

into their burrows, where mating occurs, and the females 

remain there, brooding their eggs until they hatch. Male fid- 

dlers use a greatly enlarged cheliped to attract females and 

to defend their burrow against other males (Fig. 19-42). 

Male-male encounters are a highly ritualized combat in which 

the large claw is held like a shield. Combat movements involve 

variations of pushing and extension. 
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FIGURE 19-45 Decapoda: Reproduction. Sperm and spermatophore transfer in caridean shrimp. A, Copulating 

position. B, Ventral view of the female with attached spermatophore (Sph). C, Spermatophore (Sp). D, 

Spermatozoa. (From Bauer, R. T. 19/6. Mating behaviour and spennatophore transfer in the shrimp Heptacarpus pictus. 

acoustical signals produced by rapping the propodus of the 

large claw against the substratum or by rapidly flexing the 

ambulatory legs. The number of raps in a series and the inter- 

val between series is species-specific. The sounds are transmit- 

ted as vibrations through the sediment. Females can detect 

the signals up to a meter away by means of special myochordo- 

tonal organs in the legs. 

Copulating shrimps typically orient at right angles with the 

genital regions of the ventral surfaces opposing one another 

(Fig. 19-45A). The modified first and second male pleopods 

are used to transfer a spermatophore to a receptacle between 

the female’s thoracic legs (Fig. 19-45B). 

In crayfishes and lobsters, the male turns the female over 

and restrains her chelipeds with his own (Fig. 19-47A). In cray- 

fishes, the tips of the first pleopods (gonopods) are inserted 

into the seminal receptacle and spermatophores flow along 

grooves in the gonopods. If the seminal receptacle is absent, 

as it is in lobsters, the spermatophores are attached to the 

body of the female, particularly at the bases of the last two 

pairs of legs. These are noticeable as “tar spots” on the females 

of the spiny lobsters (Panulirus). Hermit crabs must emerge 

partially from their shells to mate. Partners place their ventral 

surfaces together and spermatophores and eggs are released 

simultaneously. 

During copulation in brachyuran crabs, one crab lies 

beneath the other with their ventral surfaces facing each other 

(Fig. 19-47B). The male abdomen, which normally is flexed 

under the cephalothorax, is extended to expose the gonopods. 

J. Nat. Hist. 10:413-440.) 

Uca mordax U. rapax 

FIGURE 19-46 Brachyura: Reproduction. Cheliped waving by the 

fiddler crabs Uca mordax and U. rapax. The starting position is shown at 

the top of each sequence, and the path of the cheliped is described at 

the bottom by an arrow. The cheliped is commonly moved in a series of 

jerks, which are indicated by the crossbar on the arrow path. (From 

Salmon, M. 1967. Coastal distribution, display and sound production by 

Florida fiddler crabs (genus Uca). Anim. Behav. 13:449-459.) 

The male fiddler crab attracts a female by waving the large 

claw in a semaphore fashion with a species-specific pattern of 

movement (Fig. 19-46). Males may also attract females with 
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A 

FIGURE 19-47 Decapoda: Reproduction. 

A, Copulating crayfishes. The female is 

stippled. B, Copulating land crabs (Gecarcinus 

lateralis). The female is uppermost. Note the 

open groove in the ventral sternum of the 

male indicating that the abdomen is 

extended to expose the gonopods. (A, From 

Andrews in Kaestner, A. 1970. Invertebrate 

Zoology. Vol. 3. Wiley-Interscience, New York.) 

The first pair of pleopods (gonopods), which conduct the 

sperm, are inserted into the female gonopore and sper- 

matophores are deposited in her seminal receptacle. 

In species without seminal receptacles, eggs are laid soon 

after copulation. In species with an internal seminal recepta- 

cle and internal fertilization (such as brachyuran crabs), the 

opening to the seminal receptacle is sealed with a plug and 

fertilization may not occur for a year or more following 

copulation. 

Hormonal Regulation of Reproduction 
Although sex is determined genetically in most crustaceans, 

many aspects of reproduction, including maturation, mainte- 

nance, and operation of the gonads and development of sec- 

ondary sexual characteristics, are under hormonal control. In fe- 

male malacostracans, the hormonal interrelationship between 

the ovary and the X-organ/sinus gland complex (Fig. 19-43) is 

similar to the pituitary/ovary relationship in vertebrates. The 

sinus gland releases gonad-inhibiting hormone (GIH) that 

inhibits the maturation of eggs in the ovary during the non- 

breeding periods of the year. During the breeding season, 

gonad-stimulating hormone (GSH) is secreted, probably by the 

CNS. As a result of this stimulatory hormone’s presence, 

the blood level of GIH declines and egg development begins. At 

the same time, and also under the influence of GSH, the ovary 

elaborates another hormone that initiates secondary anatomical 

changes preparatory for egg brooding, such as the development 

of ovigerous setae on the pleopods or the development of ooste- 

gites and the marsupium in peracaridans. These characteristics 

then appear at the next molt. 

The development of the testes and male sexual characteris- 

tics in malacostracans is controlled by hormones produced in 

a small mass of secretory endocrine tissue called the androgenic 
gland. This gland is located at the end of the vas deferens, or 
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occasionally in the testis. It is inhibited by neurosecretions from 

the X-organ (via the sinus gland) but stimulated by neurosecre- 

tions of the brain or subesophageal ganglion (also released 

from the sinus gland). When stimulated, the androgenic gland 

secretes androgenic hormone, which stimulates spermatogene- 
sis and the development of male reproductive equipment. It 

also stimulates male reproductive behavior and secondary sex- 

ual characteristics. Removal of the androgenic gland is followed 

bv a loss of male characteristics and conversion of the testes 

into ovarian tissue. If an androgenic gland is transplanted into 

a female, the ovaries become testes and male characteristics 

develop. If the Y-organ is removed prior to sexual maturity, 

gonadal development is seriously impaired. If the Y-organ is 

removed from an adult, the gonads are unaffected. In blue 
crabs, a female pheromone initiates a courtship response in the 

male unless his eyestalks have been removed. 

Development 
Primitive penaeid shrimps and their relatives shed their eggs 

directly into the sea and abandon them. In all other decapods, 

the eggs are glued to the female pleopods and brooded. In 

female crabs, the usually tightly flexed abdomen is extended 

to provide space for the brooding egg mass, often known as 

a “sponge.” 

The hatching stage for decapods varies widely. In primi- 

tive shrimps (dendrobranchiates: penaeids and sergestids) 

that shed eggs directly into the water, the hatching stage is a 

nauplius or metanauplius larva (Fig. 19-48A,B). In all other 

decapods, the eggs are brooded on the pleopods of the 

female and, in marine species, hatching takes place at the 

protozoea or zoea stage. The zoea and postlarval stages of 

different decapods have been assigned a number of special- 

ized names (Fig. 19-49C,D). The zoea stages of most crabs 

are easily recognized by the very long, rostral spine and 

sometimes by a pair of lateral spines from the posterior mar- 

gin of the carapace (Fig. 19-49A). At least in some species, 

the spines appear to reduce predation by small fishes. The 

crab postlarval stage is a megalops with a full complement of 

appendages (Fig. 19-49B). 

Many decapods with planktonic larvae inhabit shallow 

coastal waters, estuaries, or salt marshes as adults or during 

juvenile stages. For example, estuaries and salt marshes are 

the nursery grounds for many species of penaeid shrimps. 

There is a tendency for larval life to be shorter in decapods 

that inhabit cold oceans or abyssal depths. Development is 

direct and larval stages are usually absent in the strictly fresh- 

water decapods. Brackish-water forms, such as blue crabs 

(Callinectes), and river immigrants, such as Eriocheir, return to 

1st antennae Carapace 

 i/c\.a|juua. 11it; iridjor siages in larval development of thp <;hrimn A r- 

B Metanauplius. C. Protozoea. D. Zoea (mysis). E. Postlarva. (After DM,n fron,\JLn „ 
/ hylogeny in Annelids and Arthropods. Pergamon Press, Oxford, p. 495 ) • Embryology and 
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FIGURE 19-49 Decapod larvae. A zoea (A) and megalops (B) larva of the brachyuran crab, Rhithropanopeus 
harrisii. C, Phyllosoma (zoea) larva of the spiny lobster, Palinurus. D, Metazoea of the anomuran crab, Porcellana. 
(A and B, From Costlow, J. IX, and Bookhout, C. G. 1971. Fourth European Marine Biology Symposium. Cambridge University 

Press, London, p. 214. Copyrighted and reprinted by permission of the publisher; C, Modified after Claus.) 

more-saline water for breeding. Development in almost all 

terrestrial anomurans and brachyurans takes place in the sea. 

The female, carrying her brood of developing eggs beneath 

her abdomen, migrates to the shore and enters the water, at 

which time the zoeae hatch and are released into the sea. 

Development is direct in the terrestrial potamid crabs, which 

are independent of the sea, although they do return to fresh- 

water to breed. 

Molting and Growth 
[n many crustaceans, including, crayfishes, the lobster Homa- 

ms, and barnacles, molting and growth continue throughout 

:he life of the individual, although the intermolts become 

progressively longer. Such crustaceans may live to be quite old 

md some may become very large. In others, such as some 

:rabs, molting and growth cease after a specific number of 

nstars, when the individual attains either sexual maturity or 

i characteristic size. 

The physiological processes involved in molting are regu- 

ated by hormonal interactions and are similar to those of 

nsects. The Y-organ (which is analogous to the prothoracic 

glands of insects) produces ecdysone, which acts on epi- 

iermal cells and the digestive ceca to initiate proecdysis. 

Production of ecdysone by the Y-organ is inhibited by a hor- 

mone released from the sinus gland. Thus, experimentally 

emoving the Y-organ prevents molting, whereas removing 

he eyestalks (and sinus gland) initiates premature proecdy- 

is. The inhibitory action of a sinus gland hormone on the 

production of ecdysone by the Y-organ is an important differ- 

ence from control in insects, where the corpora cardiaca 

simulate rather than inhibit the prothoracic glands to pro- 

luce ecdysone. 

The regulation of molting hormones, and therefore of the 

actual molt cycle, depends on different stimuli operating on 

the CNS. In crayfishes, which molt seasonally, photoperiod 

(day length) is the controlling factor, whereas in the crab 

Carcinus, tissue growth is the controlling factor. 

Autotomy 
Limb loss is an unavoidable event in the life of many crus- 

taceans, and decapods may even deliberately self-amputate, or 

autotomize (auto = self, tomy = cut) limbs. Severance typi- 

cally takes place at a preformed fracture plane (autotomy 

plane) bisecting the combined basis and ischium, or basis- 

chium (Fig. 19-36). Internally at the fracture plane, there is a 

double, transverse, membranous fold perforated by a nerve 

and blood vessels. During autotomy, the leg breaks between 

the two membranes, leaving one membrane attached to the 

basal stub. The membrane constricts around its perforations, 

so there is very little bleeding. In some species, autotomy can 

take place only if the limb is pulled either by the animal itself 

or by a predator or other outside force. In its most highly 

developed state, as in most decapods (except some shrimps), 

autotomy is a reflex. If a leg is caught or damaged by a preda- 

tor, a reflex is initiated, and an autotomizer muscle contracts 

violently, breaking the limb along the fracture plane. 

Following severance and scab formation, a small limb bud 

grows from the stub. Growth of the limb then halts until the pre- 

molt period, when rapid growth and regeneration are com- 

pleted. The new limb unfolds from a sac at the time of molting, 

but it is not quite as large as the original. Autotomy of multiple 

limbs induces molting, but the premolt regeneration phase must 

first be accomplished. If partially regenerated limbs are 

removed, the molting cycle is delayed until new limb buds form. 
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PHYLOGENETIC HIERARCHY OF DECAPODA 

Decapoda 

Dendrobranchiata 

Pleocyemata 

Stenopodidea 

Caridea 

Astacidea 

Thalassinidea 

Palin ura 

Anomura 

Paguroidea 

Galatheoidea 

Hippoidea 

Brachyura 

Dromiacea 

Archeobrachyura 

Oxystomata 

Oxyrhyncha 

Cancridea 

Brachyrhyncha 

SYNCARIDAso 

Syncarida is represented by about 50 species of primitive crus- 

taceans in two taxa, Anaspidacea and Bathynellacea. Some fos- 

sil syncaridans are known from marine habitats, but all Recent 

species are freshwater. 

Anaspidacea0 

Anaspidaceans are shrimplike syncaridans with many primitive 

characteristics (Fig. 19-50A). Segments and appendages are 

only moderately specialized. The first thoracic segment bears 

maxillipeds and is fused with the head to form a small 

cephalothorax, but there is no carapace. The remaining tho- 

racic appendages are similar to each other. The abdomen con- 

sists of six segments with up to five pairs of pleopods. Pleopods 

1 and 2 of the ma'le are intromittent organs, and fertilization is 

internal. The telson and a pair of uropods are on the sixth 

abdominal segment. Anaspidaceans inhabit relictual fresh- 

water habitats where there are few or no predators. They are 

found in caves, streams, and lakes in Tasmania, Australia, New 

Zealand, and South America. Several live in crayfish burrows 

and many inhabit lacustrine vegetation beds. Anaspidaceans 

are suspension feeders or omnivores, and the largest is 5 cm 

in length. 

Bathynellacea0 

Bathynellaceans are elongate, blind, interstitial or groundwater 

syncaridans (Fig. 19-50B). Most occur in fresh water or, in a few 

instances, brackish water. Thermobathynella occurs in hot springs 

at temperatures of up to 55°C. The body is small and vermiform 

with reduced appendages, as is characteristic of interstitial ani- 

mals. The tagmata are a head, thorax, and abdomen with no 

secondary tagmosis. The thorax consists of eight segments, but 

none is fused with the head. Cephalothorax, maxillipeds, and 

carapace are absent. Thoracic appendages 1 through 7 are simi- 

lar and biramous. The eighth thoracopod is reduced or absent. 

The last of the six abdominal segments is fused with the telson 

to form a pleotelson. Abdominal appendages, with the excep- 

tion of a pair of uropods on the pleotelson, are reduced or 

absent. 

Bathynellaceans are among the smallest malacostracans, 

with the largest, Bathynella magna, being only 3.4 mm long and 

the smallest, Brasilibathynella fiorianopolis, being just over 

0.5 mm long. Bathynellaceans have a cosmopolitan distri- 

bution. 

2nd antenna 7th thoracic 

FIGURE 19-50 Syncarida. A, The anaspidacean 
Anaspides tasmaniae. This species reaches 5 cm in 
length. B, Lateral view of the bathynellacean 
Parabathynella neotropica. Total length is only 1.2 mm. 
(A, Froyn Schminke, H. K. 1978. Die phylogenetische Stellung 

der Stygocarididae (Crustacea, Syncarida) — unter besonderer 

Beriicksichtigung morphologischer Ahnlichkeiten mil 

Larvenformen der Eucarida. Z. Zool. Syst. Evolut.-J'orsch. 

16:225 -229; B, From Noodt, W. 1965. Natiirliches System 

und Biogeographie der Syncarida. Gewasser und Abwdsser. 

37-38, 77-186.) 
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EUPHAUSIACEA0 

Euphausiaceans, or krill, are pelagic crustaceans approxi- 

mately 3 cm in length (Fig. 19-51A). All 85 described species 

are marine. Like primitive decapods, krill have a shrimplike 

body with a highly developed carapace fused with all thoracic 

segments. Unlike the decapods, however, the euphausiacean 

carapace does not extend ventrally beyond the bases of the 

legs. It does not form a branchial chamber and the gills are 

exposed (Fig. 19-51 A). The thoracic legs are biramous and the 

gills are filamentous epipods on the protopod (Fig. 19-51B). 

The thoracic exopods move rhythmically to ventilate the gills. 

Although there are eight pairs of thoracic appendages, the 

eighth, and sometimes the seventh, are reduced. The second 

pair of thoracopods may be raptorial in carnivorous species, 

but maxillipeds are absent. Pleopods, uropods, and telson 

resemble those of shrimps. 

The digestive system is similar*to that of decapods. Two pairs 

of ostia perforate the short heart. Maxillary glands are found in 

larvae, but adults have antennal glands. The compound eyes 

are stalked and the exoskeleton is thin and flexible. 

Krill swim using the large, setose pleopods. Most are suspen- 

sion feeders specializing in zooplankton, but many consume 

phytoplankton, some filter bottom sediments, and a few are 

predaceous. The setose endopods of the thoracic appendages 

form a funnel-shaped feeding basket below the thorax (Fig. 

19-51 A). Feeding is episodic, with the feeding basket being 

used like a cast net. The endopods are extended ahead of the 

animal to enclose a volume of water. As they are retracted, the 

volume of the basket diminishes as water is forced out through 

a setal filter. Food remains inside the basket and is transferred 

by the maxillae to the mandibles and mouth. 

Most euphausiaceans are bioluminescent, and the body is 

speckled with 10 eyelike photophores located on the coxae 

(Fig. 19-51B), eyestalks, and abdominal sternites. Photophores 

consist of a lens, pigment cup, reflector, and mass of cells that 

produces light. The luminescence is probably an adaptation 

for schooling and courtship. 

Sperm are transferred to the female in spermatophores 

and stored in an external seminal receptacle until needed. 

Eggs are extruded and fertilization occurs several weeks after 

copulation. In most euphausiaceans the eggs are released free 

in the water, but several species attach them to the pleopods 

and brood them briefly. Cleavage is total and the first three 

divisions have been interpreted as being spiral. The young 

hatch as nonfeeding nauplii and pass through a long series of 

molts before becoming adults. Euphausiaceans are unusual 

among crustaceans in continuing to molt frequently after 

reaching sexual adulthood. When food supplies are inade- 

quate, they may diminish in size with successive molts. 

Euphausiaceans tend to have cosmopolitan distributions, 

and about two-thirds of the known species occur in all oceans. 

Any given oceanic region typically supports many species uti- 

lizing similar resources, which they partition spatially. Most 

species are epipelagic, many are mesopelagic, and a few are 

bathypelagic. Within each of these zones each species inhabits 

a preferred depth and many undergo vertical migrations. 

Many species are important members of the pelagic fauna. 

Antarctic species, such as the epipelagic Euphausia superba, 

which is about 5 cm in length, live in enormous schools. They 

are the chief food of many marine animals, and a blue whale 

may consume a ton of euphausiaceans at just one of up to four 

such feedings each day. A euphausiacean swarm may cover an 

area equivalent to several city blocks that, when seen from the 

air, looks like a giant ameba slowly moving and changing 

shape. The several meters of water closest to the surface con- 

tain the greatest concentrations and swarms may reach densi- 

ties of 60,000 individuals/m3, all of which are adults or near 

adults. Swarming Euphausia superba molt very rapidly (within 

a second) and, if alarmed, many will literally jump out of their 

skins. Exuvia remain behind and perhaps function as decoys 

to foil sight-orienting predators. 

Fishing for Antarctic krill is a major industry. Over 395,000 

tons were harvested between 1989 and 1990 for human con- 

sumption, with Russian and Japanese trawlers accounting for 

about 95% of the catch. 

PAN C ARIDAso 

Thermosbaenacea0 

The only higher-level pancaridan taxon, Thermosbaenacea, con- 

sists of about 35 subterranean species from hot springs, caves, 

and groundwater and a few from coastal marine interstitial habi- 

tats. Thermosbaenaceans are small crustaceans of only a few mil- 

limeters in length. Morphology is variable, but the head is fused 

with one thoracic segment, producing a small cephalothorax 

and a pereon of seven segments. The small carapace is fused 

Eye 

B 

FIGURE 19-51 Euphausiacea. A, Meganyctiphanes. B, Seventh thoracic appendage. (Both after Caiman.) 
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with the first thoracic segment and covers a variable number of 

additional segments. In females the carapace is expanded to 

form a dorsal brood pouch. There are no oostegites. The first 

thoracopod is a maxilliped, and most pereopods are biramous. 

Pleopods are present only on the anterior abdominal segments 

and segment 6 bears the uropods and telson. Thermosbae- 

naceans are detritivores that swim upside down using the pere- 

opods. The carapace is the chief respiratory surface and the very 

short heart has only one pair of ostia. Nephridia are unknown. 

Fertilization is probably internal. 

PERACARIDAso 

Peracarida, with 12,000 species in seven major taxa (orders), is 

one of the largest crustacean taxa. Peracaridans usually are 

smaller than decapods, with most being less than 2 cm in length, 

but the largest is almost 42 cm. Although they are not as notice- 

able as decapods, they are abundant and diverse in most marine 

habitats and are also present in freshwater and even terrestrial 

environments. Peracarida includes the mysidaceans, amphipods, 

cumaceans, mictaceans, spelaeogriphaceans, tanaidaceans, and 

isopods. 

The most distinctive peracaridan characteristic is the ventral 

marsupium, or brood pouch, under the thorax of the female 

(Fig. 19-62B). It is a space formed by large, flexible, platelike 

oostegites extending medially from some thoracic coxae (Fig. 

19-52). The oostegites are setose epipods that partition the space 

below the thorax. The sternum forms the roof of the chamber 

and the oostegites the floor. Eggs are brooded in the marsupium 

and development is usually direct, although some hatch as post- 

larvae. A manca larva, which has all the adult appendages except 

the eighth thoracopods (seventh pereopods), is characteristic of 

some peracaridan orders. 

The first and sometimes the second and even the third 

thoracic segments may be fused with the head to form a 

cephalothorax. The appendages of these segments are maxil- 

lipeds and the remaining thoracic segments bear pereopods. 

The mandible bears a characteristic movable toothed process, 

the lacinia mobilis, between the molar and incisor. A carapace 

may be present or not. The naupliar eye never persists in the 

adult and the compound eyes may be sessile or stalked. 

Primitively, peracaridans are maxillary suspension feeders, 

as many modern mysidaceans, cumaceans, and tanaidaceans 

are, but the tendency in most peracaridans has been to adopt 

other modes of feeding. The two largest and best-known taxa 

are Amphipoda and Isopoda. 

Mysidacea0 

Mysidaceans are small, shrimphke peracarids of freshwater, 

brackish, and marine habitats. Most are 2 to 30 mm in length, 

but the bathypelagic Gnathophausia (Fig. 19-53A) may reach 

35 cm. Some are important members of northern lakes, but 

most are marine; they may be benthic or pelagic. 

Mysidaceans have many primitive characteristics, such as 

the shrimplike shape of primitive malacostracans, and they 

probably are more like the ancestral peracaridans than other 

Recent taxa are. Mysidacea comprises two distinct subtaxa, 

Lophogastrida and Mysida (Fig. 19-53). Lophogastrids are the 

more primitive of the two, are closest to the origin of the 

peracarids, and are morphologically similar to the euphausi- 

aceans and the primitive penaeid shrimps. About 1000 

described species in several genera, including Gnathophausia, 

Heteromysis, Lophogaster, Mysidopsis, Mysis, and Neomysis, are 

known. 

The first one to three segments of the thorax are fused with 

the head to form the cephalothorax. The carapace is large 

and, although it encloses the entire thorax, it is physically 

attached only to the first to third anterior segments, unlike that 

of shrimps and euphausiaceans. It encloses lateral branchial 

chambers and may bear a median dorsal, anterior projection, 

the rostrum. The appendages of the first (in Lophogastrida) or 

first and second (in Mysida) thoracic segments are maxillipeds. 

The pereon consists of thoracic segments 3 to 8 or 2 to 8, 

which are not fused with the head or carapace. The pereopods 

are biramous and in females bear oostegites. The exopods are 

filamentous and sometimes natatory. 

Dorsal diaphragm 

FIGURE 19-52 Peracarida: Diagrammatic cross 

section through the body of an amphipod showing 

the relationship between the pereopods, gills, and 

marsupium. Arrows indicate blood flow. Limb articles 

distal to the basis are omitted for clarity. (Redrawn 

from. Kaestner, A. 1970. Invertebrate Zoology. Vol. 3. 

Wiley-Interscience, Neiv York.) 
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Carapace 

FIGURE 19-53 Mysidacea. A, Lateral view of the lophogastrid Gnathophausia. B, Mysis relicta, a freshwater 
species 3 cm in length belonging to Mysida. (B, From Pennak, R. W. 1978. Freshwater Invertebrates of the United States. 

2nd edition. John Wiley and Sons, New York.) 

The adult abdomen consists of six segments, the sixth of 

which is about twice as long as the others. Embryos, however, 

have seven abdominal segments, and the fusion of two of those 

segments forms the sixth adult segment. In Lophogastrida, the 

sixth segment is divided by a groove (Fig. 19-53A) representing 

the line of fusion. The first five abdominal segments are the 

pleon and may bear biramous pleopods, although pleopods 

are absent or vestigial in female Mysida. The sixth segment 

bears the uropods and the telson, which form a tail fan similar 

to that of shrimps. 

Marine mysidaceans occur at all depths from shallow 

coastal water to the deep sea. Although some species are 

pelagic, most are associated with the bottom in one way or 

another. Most swim just above the sediment surface, but some 

crawl on the bottom, plow through the sediment, or burrow 

into it. Swimming is the primary means of locomotion, and 

the pleopods are used for this purpose. Most benthic species 

leave the bottom during the night to become planktonic. 

Some marine species are found in shallow algal and grass beds 

and many others live in large swarms. Mysidaceans can be 

important in the diet of fish such as shad and flounder. 

About 40 species are found in freshwater habitats, includ- 

ing several that inhabit caves and other groundwaters. Mysis 

relicta is confined to cold, deep lakes of the northern United 

States, Canada, and Europe (Fig. 19-53B), where it is an im- 

portant food of lake trout. 

Most mysidaceans are suspension feeders. A feeding cur- 

rent generated by the pereopod exopods moves food parti- 

cles into a midventral food groove between the coxae of the 

pereopods. Water and particles move anteriorly in the 

groove to a setal filter on the second maxillae, where the 

particles are separated from the water. Mysidaceans can feed 

on small particles groomed from the body surface and can 

also capture relatively large planktonic animals in a basket 

formed by the thoracic endopods. Many bathypelagic forms 

are scavengers. 

The branchial chamber is enclosed by the carapace, the 

inner surface of which is the chief gas-exchange surface. The 

ventilating current is generated by maxillipedal epipodites. In 

lophogastrids, epipodites on the pereopods are also respiratory. 

The heart is a dorsal tube in the thorax with two to three 

anterior pairs of ostia. A large blood sinus on each side of the 

carapace drains oxygenated blood from the respiratory sur- 

face directly into the pericardial sinus. 

Mysidaceans have paired saccate nephridia. In Mysida, they 

are in the antennal segment, but in Lophogastrida, they are in 

both the antennal and maxillary segments. Clusters of nephro- 

cytes occur in blood spaces at the bases of the pereopods. 

Most mysidaceans have a long subesophageal ganglion con- 

sisting of the incompletely fused segmental ganglia of the 

mouthparts and thoracic appendages. The abdominal ganglia 

remain independent. Embryos have seven pairs of abdominal 

ganglia, one for each embryonic segment. Mysidaceans have 

well-developed, stalked compound eyes. In Mysida there is 

a statocyst in the base of the endopod of each uropod. With 
magnification, the statocyst is easily seen through the transpar- 

ent cuticle of the uropod and is the quickest way to distinguish 

mysidaceans from other shrimplike crustaceans. 
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Mysidaceans are gonochoric and fertilization is external, in 
the marsupium. The gonads are paired tubes in the thorax, 

with gonopores on the sixth (in females) or eighth (in males) 

thoracic segment. Males have a pair of long penes on the ster- 

nites of the eighth segment and females have oostegites on 

pleopods 1 through 7. During mating, the male inserts the 

penes into the marsupium and releases sperm. In less than an 

hour, eggs are released from the oviducts into the marsupium 

where fertilization occurs. Eggs are brooded in the mar- 

supium and hatch as miniature adults, there being no post- 

larva. 

Primitive features such as stalked compound eyes, a well- 

developed carapace, thoracic gills, a long tubular heart, a dou- 

bled abdominal segment 6, and the presence of both antennal 

and maxillary glands suggest the mysidaceans branched off 
from the ancestral peracaridans early. 

Amphipoda0 

Amphipods are small crustaceans often found in large num- 

bers and high diversity in aquatic habitats. With more than 

6000 species, Amphipoda is the largest peracaridan taxon. 

Most amphipods are marine, but many are found in fresh 

water and one family has terrestrial and semiterrestrial 

species. In the sea they are common, diverse, and ecologically 

important in pelagic and benthic habitats. 

The body tends to be laterally compressed, giving the ani- 

mal a somewhat shrimp-like appearance (Fig. 19-54). Sessile 

compound eyes replace the stalked eyes of the ancestor. The 

first and second antennae usually are well developed and the 

mandibles have palps and a lacinia mobilis. 
A carapace is absent, although the first thoracic segment 

(and sometimes the second) is fused with the head to form 

a small cephalothorax. The fused appendages of the first 

thoracomere form a maxilliped. Each of the remaining seven 

thoracic segments, which make up the pereon, has a pair of 

uniramous pereopods. The coxae of the pereopods usually 

have broad, flattened coxal plates that are functionally equiv- 

alent to the decapod carapace in that they create a protected 

space ventral to the thorax (Fig. 19-52, 19-54). This space 

contains the gills and is the branchial chamber and, in 

females, the marsupium. The first and second pereopods, or 

gnathopods, usually are enlarged and subchelate for grasp- 
ing (Fig. 19-54). The first four pereopods are oriented ante- 

riorly, with the dactyls pointing posteriorly, whereas the last 

thiee aie posteriorly directed with dactyls pointing anteri- 

orly. The gills and oostegites are flat epipods projecting 

medially into the branchial chamber from the coxae of the 

pereopods (Fig. 19-52). 

The six-segmented abdomen is divided into an anterior 

pleosome and a posterior urosome of three segments each 
(Fig. 19-54). The tergites of the pleosomal segments extend 

ventrally as epimera (sing., epimeron), creating a space ven- 
tral to the pleosome continuous with the branchial chamber 

below the thorax. The three pairs of appendages of the pleo- 

some are pleopods. The biramous pleopods are used for swim- 

ming and to create the ventilating current through the 

branchial chamber. The urosome does not bear epimera and 

its three pairs of biramous appendages are stiff, heavily cuticu- 

larized uropods used for kicking, jumping, swimming, or bur- 

rowing (Fig. 19-54). 

Most amphipods are between 5 and 15 mm long, but 

some interstitial species are only 1 mm and a giant, unidenti- 

fied species 28 cm in length is known from photographs 

taken at 5300 m in the Pacific. Most amphipods are translu- 

cent, brown, or gray, but some species are red, green, or 

blue-green. 

Amphip0da: External structure of a gammaridean amphipod in lateral view. (From Bousfield E. L 1 ->/3. Shallow-Water Gammarukan Amphipoda of New England. Cornell University Press, Ithaca, New York. 344 pp.) ’ ' 
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DIVERSITY OF AMPHIPODA 

Amphipoda includes Gammaridea (Fig. 19-55), Hyperiidea 

(Fig. 19-56), Caprellidea (Fig. 19-57), and Ingofiellidea (Fig. 

19-58). 

Gammaridea50 

The largest amphipod taxon, Gammaridea, includes about 

5000 of the 6000 amphipod species (Fig. 19-55). These are 

the “typical” amphipods most like the stem amphipod. Gam- 

marideans usually are laterally compressed (Fig. 19-54), 

although some are dorsoventrally depressed (Fig. 19-55E). 

Most are benthic and usually remain closely associated with the 

bottom despite being capable of swimming. Typical gam- 

marideans have large coxal plates, a large abdomen with six 

pairs of appendages, and relatively small compound eyes. 

The first thoracic segment is fused with the head to form 

a cephalothorax. 

FIGURE 19-55 Amphipoda: Gammaridea. A, The burrowing 

Haustorius canadensis (Haustoriidae), with powerful digging legs and 

filter-feeding mouthparts. B, The burrowing Platyischnopus herdmani 

(Platyischnopidae). C, Orchomenella minuta (Lysianassidae), a flesh 

scavenger. D, Eusirus cuspidatus (Eusiridae). E, Dulichia rhabdoplastis 

(Podoceridae), a commensal on sea urchins along the Pacific coast of 

the United States. The amphipod lives on strands of detritus, which it 

constructs of its own fecal pellets, stretched between sea urchin spine 

tips. It feeds on diatoms growing on the strands or filters detritus and 

plankton from the water using its outstretched antennae. F, The 

tubicolous Cerapus (Cerapidae). The portable tube is secreted by the 

animal. (B, From Barnard, J. L. 1969. The families and genera of marine 

gammaridean Amphipods. U. S. Nat. Mus. Bull. 27:1—535; D, After Sars, 

from Bousfield, E. L. 1973. Shallow-Water Gammaridean Amphipoda of New 

England. Cornell University Press, Ithaca, New York. 344 pp.; E, From 

McCloskey, L. R. 1970. A new species of Dulichia commensal with a sea urchin. 

Pac. Sci. 24:90-98. ©1970, By permission of the University of Hawaii Press; F, 

Modified from Schmitt.) 

Gammarideans are important members of most marine 

benthic communities, where they often exhibit high popula- 

tion densities and high species diversity. Gammarideans can 

be infaunal burrowers, epibenthic on complex substrates, or 

occasionally planktonic. Many species, both infaunal and epi- 

faunal, are tubicolous and construct and inhabit tubes made 

of various particles, such as clay, sand, and shell and plant frag- 

ments cemented together by secretions of glands in the fourth 

and fifth pereopods. The tube may be stationary or mobile. 

Many species are commensal with other invertebrates, such as 

sponges, tunicates, or polychaetes, and a small number are 

parasitic. Like other malacostracans, gammarideans tend to be 

scavengers, suspension feeders, or predators. 

With the exception of a few interstitial species, gam- 

marideans are the only amphipods in freshwater habitats, 

where they are also benthic and ecologically important, espe- 

cially in vegetation. Population densities of 10,000/m2 have 

been reported. Lake Baikal in Siberia, the world’s oldest and 

deepest lake, supports a fauna of almost 300 endemic benthic 

and planktonic species, some over 6 cm in length. Gam- 

marideans are well represented in subterranean habitats and 

over 600 species have been reported from groundwaters such 

as those in caves and wells. 

Propulsion for swimming typically is provided by the 

pleopods. Usually, gammarideans swim intermittendy between 

longer periods of crawling and burrowing. Swimming is initiated 

by an initial backward thrust of the abdomen with the stiff 

uropods pushing against the substratum. Slow walking over the 

substratum is accomplished with the pereopods, but rapid loco- 

motion utilizes the pleopods in addition to the pereopods, and 

the animal often leans far over to one side, resulting in the com- 

mon name sideswimmer. Scud is another vernacular name. 

Amphipods (unlike isopods) have been unsuccessful in 

adapting to life on land. The few terrestrial and semiterrestrial 

amphipods are gammarideans in the beach hopper family, Tal- 

itridae. Beach hoppers, which may be abundant on some 

beaches, live beneath stranded seaweed or driftwood or burrow 

in the sand above, but near, the high-tide mark. When dis- 

turbed, they jump using a sudden backward extension of the 

abdomen, uropods, and telson. An amphipod 2 cm in length 

can jump a distance of up to 1 m. A few species of leaf-litter 

hoppers in the Southern Hemisphere are found in moist 

humus and soil remote from the shore. Some of these occasion- 

ally occur in greenhouses in the Northern Hemisphere. The 

lack of adaptations to minimize desiccation has severely limited 

the exploitation of terrestrial habitats by amphipods, and the 

few terrestrial species are restricted to warm, humid habitats. 

The beach hopper, Talitrus, uses its eyes to obtain astronomi- 

cal clues for relocating optimal habitat in the supratidal zone. If 

displaced either above or below the high-tide mark, the animals 

migrate accurately back to their preferred zone. The angle of 

the sun is used as a compass in conjunction with a map sense of 

the east-west orientation of the particular beach they inhabit. 

An internal clock mechanism provides interpolation for the 

changing angle of the sun over the course of the day. Other fac- 

tors (horizon level, beach slope, sand moisture, and grain size) 

besides celestial clues are used in orientation, but visual clues 

are most important. Alicella, Ampelisca, Aora, Cerapus, Corophium, 

Cyrtophium, Gammarus, Haploops, Haustorius, Hyalella, Melphidip- 

pella, Orchomenella, Talorchestia. 
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FIGURE 19-56 Amphipoda: 
Hyperiidea. A, Rhabdosoma, an 
amphipod with elongate head 
and needlelike rostrum. 
B, Mimonectes, 2.5 cm long. 
C, Hyperia, 2 cm long. Species of 
this genus are commonly found 
attached to pelagic 
coelenterates and ctenophores. 
D, Phronima sedentaria, 3 cm 
long, which lives within salps. 
(A, After Stebbingfrom Caiman; B, 

After Schellenbergfrom Kaestner, A. 

1970. Invertebrate Zoology. Vol. 3. 

Wiley-Interscience, New York; 

C, After Sars; D, After Claus.) 

Hyperiideas0 

Hyperiidea is a taxon of about 500 species of pelagic marine 

amphipods (Fig. 19-56). What little is known of their life histo- 
ries suggests that all hyperiideans spend at least part of the life 

cycle as commensals or parasites of gelatinous zooplankters 

such as salps, siphonophores, jellyfishes, and ctenophores. For 

example, members of Phronimidae live in the barrel-shaped 

tunic of salps (Fig. 19-56D), which they propel through the 

water. 

Hyperiideans resemble gammarideans but have small, 
weakly developed coxal plates (Fig. 19-56B) and enormous 

compound eyes that occupy most of the surface of the head 
(Fig. 19-56C,D). The head is fused with one thoracic segment 

and its appendages are reduced maxillipeds having only three 

of the usual seven articles. The Antarctic Hyperiella dilatata, 

which is consumed by fish, avoids predation by carrying a 

distasteful opisthobranch mollusc, the sea butterfly, Clime 

limacina, on its back. Hyperia, Mimonectes, Parathemisto, Phron- 

ima, Rhabdosoma, Scina. 

Caprellideas° 
Species of the aptly named skeleton shrimps (Fig. 19-57A) are 

highly derived, strictly marine benthic amphipods adapted for 

a life of clinging to complex substrata such as seaweeds, bryo- 

zoans, and hydroids. Most are lie-in-wait predators of small 

invertebrates, but some consume epiphytic diatoms. There are 

about 350 extant described species. The body, which bears 

little resemblance to that of other amphipods, is elongate, 

sticklike, cylindrical, and not laterally compressed. The second 

thoracic segment is partially fused with the head to create 
a cephalothorax consisting of the head plus two thoracic seg- 

ments. The first thoracic appendages are maxillipeds, as usual, 

but those of the second remain gnathopods. The third tho- 

racic segment bears the second pair of gnathopods. Thoracic 

segments 4 and 5 bear slender, reduced or vestigial pereo- 

pods, gills, and, in females, large oostegites. The marsupium is 

thus restricted to the middle of the thorax on the fourth and 

fifth thoracic segments. Thoracic appendages 6 through 8 are 

well-developed, subchelate prehensile legs used to cling 

tenaciously to the substratum. Coxae are reduced or vestigial. 

The abdomen consists of five small segments with vestigial 

appendages. 

Caprellideans move like inchworms, in a looping motion. 
They grasp the substratum with the gnathopods, arch the 

pereon to bring the posterior end forward, grasp the substra- 

tum with the posterior pereopods, and straighten the pereon 

to move the anterior end forward. 

The genus Caprogammarus is intermediate between gam- 

marideans and caprellideans and has an abdomen with func- 
tional pleopods and uropods. The whale lice in the family 

Cyamidae are highly derived epizoic caprellideans specialized 
for a life on the skin of cetaceans (Fig. 19-57B). The mouth- 

parts are adapted for piercing. Thoracic appendages 4 and 
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FIGURE 19-57 Amphipoda: 
Caprellidea. A, The skeleton 
shrimp Caprella equilibra, clinging 
to seaweed. B, Cyamus boopis, an 
amphipod commensal on whales. 
(B, After Sars.) 

5 are vestigial except for their gills. The remaining thoracic 

appendages are modified for clinging to the skin of whales, 

and the abdomen is vestigial. Cyamus, Caprella, Paracaprella. 

Ingolf iellideas° 
Ingolfiellideans, some of which are less than 1 mm long, are 

adapted for interstitial habitats in both marine and freshwa- 

ter environments (Fig. 19-58). The body is cylindrical and 

the thorax and abdomen are well developed. The pleopods 

are vestigial, but the first two pairs of uropods are strong. 

The 30 known species occur in hypogean (subterranean), 

interstitial, and deep-sea habitats. Their small size, loss of 

FIGURE 19-58 Amphipoda: Ingofiellidea. Ingolfiella putealis, a 
blind interstitial amphipod with vermiform body. (From Stock, J. H. 

1976. A new member of the crustacean suborder. Ingolfiellidea from 

Bonaire, with a revieiu of the entire suborder. Vitg. Natunoet. Studiekring 

Suriname Ned. Antilen. 86:57-75.) 

eyes and pigmentation, vermiform shape, and reduced 

appendages are familiar adaptations for life in interstitial 

habitats. Ingolfiella. 

NUTRITION 

Most amphipods are omnivorous detritus feeders or scavengers. 

Mud and animal or plant remains are picked up with the 

gnathopods. Some are deposit feeders that use the antennae to 

gather the surface film of diatoms that covers the sediment. 

Some burrowing species are “sand lickers” that scrape detritus 

and diatoms from sand grains. Many amphipods are suspension 

feeders that filter fine organic particles from the water. Some 

generate a special feeding current for this purpose, but most 

utilize the respiratory current. A variety of setose appendages, 

including the anterior pereopods, maxillae, and antennae, are 

used as filters in different families. The hyperiideans, many 

caprellideans, and two families of gammarideans are preda- 

ceous and many others supplement their diet by catching small 

animals. 

Parasitism is much less prevalent among amphipods than 

among their relatives, the isopods. The few ectoparasites of fish 

have suctorial mouthparts. The cyamids (whale lice) probably 

are parasites, but they may also feed on diatoms and debris that 

accumulate on the whale’s skin. Some hyperiideans may be 

parasites that consume parts of their hosts. 

Gut morphology varies widely with taxon, but all have the 

usual foregut, midgut, and hindgut. In gammarideans and 
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caprellideans the gut resembles that of decapods and has an 

ectodermal stomach with cardiac and pyloric chambers. As in 

decapods, there is a dorsal channel that leads indigestible 

material to the intestine and a ventral channel that takes 

digestible food to the numerous digestive ceca for absorption. 

The gut of hyperiideans, which are carnivores, is much sim- 

pler and lacks the cuticular stomach. 

GAS EXCHANGE, INTERNAL TRANSPORT, 

AND EXCRETION 

The chief gas-exchange surfaces are lamellar or saclike gills on 

the coxae of some or all of pereopods 2 through 7. The gills 

are on the medial side of the coxa and extend into the 

branchial chamber formed by the sternites dorsally and the 

coxae and pereopods laterally (Fig. 19-52). The coxae them- 

selves are also respiratory. The pleopods create the respiratory 

current, which flows from anterior to posterior through the 

branchial chamber and is also the swimming current and, in 

some suspension feeders, the feeding current, as well. In 

brooding females this current also ventilates the eggs, 

embryos, oi juveniles in the marsupium. The respiratory cur- 

rent is particularly important in those amphipods that dwell in 

burrows or tubes, where there is no passive water movement. 

Caprellideans lack pleopods and rely on ambient water cur- 
rents for ventilation. Oxygen transport is by the blood and is 

facilitated by extracellular hemocyanin. Although semiterres- 

tiial, talitrids have retained the gills. They are dependent on 

humid air and thus are restricted to the moist sand beneath 

drift or damp rorest leaf litter. They feed at night, when there 

is less danger of desiccation. 

The amphipod heart is a dorsal tube with one to three 

pairs of ostia that lies in the thorax above the gills. The arterial 

system is not highly developed, as it is in decapods. Blood exits 

the heart via anterior and posterior aortae and flows into the 

perivisceral sinus, where it bathes the viscera. It collects ven- 
trally and flows into the gills to be oxygenated (Fig. 19-52). It 

then follows branchiopericardial channels dorsally into the 

pericardial sinus. The excretory organs are antennal glands, 

which are well developed in freshwater species and vestigial in 

terrestrial amphipods. 

NERVOUS SYSTEM AND SENSE ORGANS 

The subesophageal ganglion of gammarideans and caprel- 

lideans includes the ganglia of the mouthparts and maxilliped. 

In gammarideans the ventral double nerve cord bears indepen- 

dent ganglia for each of the pereonal and pleonal segments. 

The ganglia of the three urosome segments are fused to form a 

posterior urosomal ganglion. 

Like othei arthropods, amphipods have a variety of sen- 

sory setae. Aesthetascs are found on the first antennae (Fig. 

19-7A). Calceoli, club-shaped setae found on both pairs of 

antennae, piobably have a chemoreceptive function. Aes- 

thetascs and calceoli are thought to be used by males to 

locate sexually receptive females. Like all peracarids except 

mysidaceans, amphipod compound eyes are sessile, apposi- 

tion-type eyes, although there is no division of the cuticle 
into individual facets. Gammarideans and hyperiideans have 

statocyst-like structures (organs of Bellonci) in the head that 
may function in gravity orientation or detect magnetic 

fields. 

REPRODUCTION AND DEVELOPMENT 

Amphipods are gonochoric; have paired, tubular gonads; 

and are usually sexually dimorphic, with the males larger 

than the females. The male gnathopods frequently are much 

laiger than those of females and may have an elaborate, 

derived moiphology. Fertilization is external. Sperm ducts 

from the testes open via gonopores on a pair of soft, flexible 

penes on the eighth thoracic sternite. Most amphipods have 

no gonopods. 

The oviducts connect the ovaries with a pair of gonopores 

on the sixth thoracic coxae that open into the marsupium. 

The oostegites first appear as small projections during juvenile 

instars and grow larger with successive molts until reaching 

their final, mature, marginally setose condition with the 

female s parturial molt, which precedes spawning. Oostegite 

development is controlled by an ovarian hormone. 

There is much variation in mating behavior, but the follow- 

ing is typical for epibenthic gammarideans. Prior to mating, 

the male locates a preparturial female by using the aesthetascs 

on his antennae to detect pheromones from the female. The 

male then rides, or carries, the female, with her dorsum facing 

his venter, for several days while awaiting her parturial molt. 

The parturial molt is the one that produces complete, func- 

tional oostegites and signals the ability of the female to mate, 

release eggs, and brood young. During the preparturial period 

the male holds the female by hooking the fingers of his 

gnathopods under the anterior edge of her first pereonal ter- 

ete and the posterior edge of her fifth tergite. Following her 
parturial molt, the male turns the female so her venter faces 

his. Sperm strings are released from the penes and are pushed 

or wafted into the marsupium by the pleopods. The pair sepa- 

rates and a few hours later the female releases eggs from the 

gonopores and they are fertilized in the marsupium. 

Eggs are bi ooded in the marsupium and ventilated by 

rhythmic beating of the pleopods. Interlocking marginal setae 

on the oostegites prevent eggs and juveniles from falling out 

of the marsupium. The female provides no nutriment, other 

than yolk, and there is no placenta or nutritive secretion. 

Development is direct and the juveniles hatch as miniature 
itplicas of the adults, with the adult complement of segments 

and appendages. They remain in the marsupium for a few 

days after hatching. Amphipods undergo about 20 molts in 

the typical, one-year-long life cycle. A female may spawn sev- 

eral times and each spawn is preceded by a parturial molt and 

attended by a male. The number of eggs in a clutch varies 

from 2 to 750 depending on species, size, and the physiologi- 

cal condition of the female. 

Cumacea0 

Cumaceans are small inhabitants of sand and mud bottoms. 
The taxon is small, with about 800 species of distinctively 

tadpole-shaped and easily recognized marine peracaridans 
(Fig. 19-59). Most are about 1 mm in length, and the largest is 
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FIGURE 19-59 Cumacea: The cumacean Diastylis, buried in sand. Arrows indicate the direction of the feeding- 
ventilating current. This individual is a female. In this family, the three anterior thoracic segments are fused with 
the head to form the cephalothorax, which is covered by the carapace. The remaining thoracic appendages form 
the pereon, whose five free segments and pereopods are visible in the drawing. 

about 4 mm. They reach their greatest diversity and ecological 

significance in the deep sea. 

The head and thorax are inflated and markedly wider than 

the long, slender abdomen. Fusion of the head with three to 

six anterior thoracic segments forms a cephalothorax, and the 

first three thoracic appendages are maxillipeds. The remain- 

ing thoracic segments, the pereon, are independent of the 

cephalothorax and carapace. Most thoracic appendages are 

biramous with a natatory, setose exopod. The first and second 

antennae of females are small, but the second antennae of 

males are often longer than the body. The mandibles do not 

have palps. Females have oostegites on the posterior four pairs 

of thoracopods. 

A large carapace covers the cephalothorax and is fused 

with its segments. The first maxillipeds bear epipods that are 

the only gills. The carapace extends laterally and ventrally to 

form a branchial chamber enclosing the gills. The lateral mar- 

gins of the carapace approach the ventral midline, leaving 

only a narrow, longitudinal, midventral cleft between them so 

that the branchial chamber is almost completely enclosed. 

The chamber is open anteriorly, in the region of the head. 

Dorsally, the anterior carapace is extended on the midline to 

form a short rostrum (or pseudorostrum). Much of the 

exoskeleton is thick, hard, and opaque. 

The narrow, six-segmented abdomen terminates in a pair 

of slender, elongate uropods and the telson. Each segment is 

a simple, complete, sclerotized ring. Males usually have bira- 

mous pleopods on some of the anterior abdominal segments, 

but they are absent in females. 

Some cumaceans are direct deposit feeders that ingest 

organic-rich sediments whereas others are carnivores. Some 

are sand lickers that hold sand grains with the maxillipeds 

while the maxillae and mandibles scrape away the bacterial or 

algal biofilm. Many cumaceans are suspension feeders that 

generate a feeding (and respiratory) current with the first and 

second maxillae and the maxillipeds. The current enters the 

branchial chamber anteriorly and ventrally (Fig. 19-59). This 

posteriorly directed inhalant current reverses direction in the 

enclosed branchial chamber, becomes the exhalant current, 

and exits anteriorly and dorsally, just ventral to the rostrum. 

During its passage through the branchial chamber the water 

flows over the gills, where gases are exchanged, and through 

a setal filter on the first maxillae, where food particles are 

removed. The maxillipeds transfer food from the first maxillae 

to the mouth. The triturative stomach is similar to that of the 

decapods. Digestive ceca number one to four pairs. 

Gas exchange is accomplished by filamentous epipods of 

the first maxilliped and by the inner surface of the carapace. 

The excretory organs are maxillary glands. The short heart 

has one pair of ostia and is located in the anterior thorax near 

the gills. Blood flow is similar to that of other small malaco- 

stracans. The nervous system is primitive and, other than the 

brain, uncephalized. The ventral nerve cord has independent 

segmental ganglia for all trunk segments as well as the first 

and second maxillae. Sessile compound eyes may be present, 

but if so, they are small, having less than 10 ommatidia each, 

and coalesced to form a single dorsal, median eye at the base 

of the rostrum. Deep-sea species have no eyes. 
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Cumaceans are chiefly benthic animals that spend most of 
their time partially buried in soft sediments. Densities as high 

as 1200/m2 have been reported. Species distribution patterns 

and population densities are determined largely by sediment 

characterisdcs such as particle size and organic content. When 
in the sediment, the head is up and slightly exposed, with the 

rostrum and inhalant and exhalant apertures free so that 

a feeding and respiratory current can be maintained (Fig. 

19-59). Upon leaving the sediment, cumaceans swim using 

the natatory exopods of the pereopods. The animal burrows 

backward, using the posterior pereopods, and ends up in its 

inclined position with its head projecting above the surface. 

The styliform uropods at the end of the long, mobile abdomen 

are used for grooming. 

Cumaceans are gonochoric and sexually dimorphic. Males 
tend to have eyes, but females often do not. Males’ second 

antennae are very large, whereas those of females are vestigial. 

Males tend to be more active than females and are better 

equipped for swimming. Males usually have natatory exopods 

on more pereopods than do females, and they have pleopods, 

which the females lack. The gonads are paired dorsal tubes in 

the pereon. The female has oostegites on thoracic appendages 

3 through 6 and the oviducts open via gonopores on the coxae 

of the sixth thoracic appendages. The male gonopores are on 

a paii of penes on the sternite of the eighth thoracic segment. 

Little is known of mating and reproduction in cumaceans, 

and it has never been observed in the field. It is apparently 

associated with nocturnal swarming behavior in which large 

numbers of individuals leave the sediment and swim upward 
in the water column. Females brood the eggs in the mar- 

supium and the young hatch as postlarvae three molts shy of 

the manca stage. The young remain in the marsupium until 

they have completed the three molts required to become man- 

cas and then leave. 

Mictacea0 

Mictacea was described in 1985 and is now known from two 

small, subcylindrical species: Hirsutia bathyalis from 1000 m in 

the Noith Atlantic and South Pacific and Mictocaris halope from 

Bermudan sea caves. The largest is 3.5 mm in length. The first 

thoracomere is fused with the head and its appendages are 

maxillipeds. The carapace covers only the first thoracomere. 
The seven pereopods are biramous with setose exopods used 

primarily for swimming. Oostegites are present on most pereo- 

pods of females and form a marsupium. The six-segmented 

abdomen bears reduced pleopods on its first five segments 

and well-developed uropods and a telson on the sixth. Mic- 

taceans probably are detritivores, but little is known of their 

biology. 

Spelaeogriphacea0 

This small taxon of subterranean peracaridans includes only 

three known species: Spelaeogriphus lepidops from Bat Cave in 

Table Mountain, South Africa; the Brazilian Potiicoara brasilien- 

sis; and Mangkurtu mityula from Western Australia. The body is 

long and cylindrical and may reach up to 9 mm in length. The 

hrst thoracomere is fused with the head and bears maxil- 

lipeds. A small carapace extends posteriorly to cover the sec- 

ond thoracomere and part of the third. Most of the seven 

pereopods are biramous and their exopods are gills. Females 

have oostegites on the hrst hve pereopods. The abdomen has 

six segments and the biramous, setose pleopods are mostly 

well developed and natatory, although the hfth is vestigial. 

The uropods are biramous. The biology and internal anatomy 

are poorly known. 

Tanaidacea0 

Tanaidaceans are small, marine, benthic crustaceans (Fig. 

19-60). Most of the approximately 700 described species are 

only 2 to 5 mm in length, although one reaches 12 cm. The 

body is elongate and cylindrical or depressed in cross section. 

The head is fused with the hrst two thoracic segments to form a 

cephalothorax, which is covered by a carapace. The appendages 
of the hrst thoracic segment form a maxilliped whereas those of 

the second are chelipeds, which may be very large. Chelipeds 

on the second thoracic segment are a distinctive feature of 

tanaidaceans. The remaining six thoracic segments form the 

pereon and their appendages are pereopods. In many 

tanaidaceans, silk glands in the pereon open at pores at the tips 
Oi several anterior pereopods. Silk is used in tube construction 

B 

FIGURE 19-60 Tanaidacea: Tanais cavolinii, an intertidal 
tanaidacean from the Norwegian coast. This species lives in tubes 
constructed on calcareous algae. A, This male has left its tube and is 
crawling over a coralline alga in search of a female. B, Copulating 
pair of T. cavolinii within the tube of the female. The female is 
on top. (A, From Johnson, S. B., and Attramadal, Y. G. 1982b. 

Afunctional morphological model of Tanais cavolinii adapted to a tubicolous 

life-strategy. Sarsia 67:29-42; B, From Johnson, S. B. and Attramdal, Y. L. 

1982a. Reproductive behaviour and larval development of Tanais cavolinii. 
Mar. Biol. 71:11-16.) 
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and for draglines. Female pereopods 1 to 4 usually bear ooste- 

gites that form a marsupium. Some have oostegites only on the 

fourth pereopods. 

The short abdomen consists of six segments, the first five 

forming the pleon. The sixth segment is fused with the telson 

to form a pleotelson. The pleonal segments usually bear unira- 

mous or biramous appendages, but these are absent in 

females of some species. The sixth segment bears uropods, 

which may be short or long and antenniform. 

With few exceptions tanaidaceans inhabit marine benthic 

habitats from the intertidal zone to the deep sea. Most live in 

water deeper than 200 m, but they can be common in shal- 

low coastal waters. A few are found in brackish or fresh water 

and one species has occasionally been found in the plankton. 

Most tanaidaceans inhabit a burrow, tube, or crevice from 

which they rarely venture. Reproductive males that must 

leave their tubes in search of females are the notable excep- 

tion. Such males are subject to much heavier predation, 

often by isopods, than are individuals in their tubes. Some 

tanaidaceans swim using the pleopods. In suitable habitats, 

population densities may be very high. Leptochelia dubia, a 

widespread tubicolous inhabitant of shallow water, achieves 

densities of 30,000/m2 on the soft bottoms of Tomales Bay, 

California. 

The major feeding mode appears to be a combination of 

detritivory and carnivory. The chelipeds grasp small inver- 

tebrate animals or large pieces of detritus. Leptochelia dubia 

and Tanais cavolinii use the chelipeds to collect diatoms, 

algae, and other material from around the mouths of their 

burrows. Deep-sea tanaidaceans probably feed on detritus. 

These modes may be supplemented by suspension feeding 

using a setal filter on the second maxillae. Filtration utilizes a 

special feeding current generated by movements of the maxil- 

lipeds and second maxillae that is supplemented by the respi- 

ratory current generated by the maxilliped epipodite. There 

are one or two pairs of digestive ceca and, in some taxa, a tri- 

turative stomach. 

The carapace encloses a branchial chamber on each side. 

The vascularized inner surface of the carapace is the respira- 

tory surface of most species, but it may be supplemented 

by the large epipod of the maxilliped. In most tanaidaceans 

the epipod is not itself respiratory, but its rhythmic move- 

ments generate the respiratory current through the branchial 

chambers. 

Excretory structures include a pair of maxillary glands and 

nephrocytes in the hemocoel. The heart usually extends the 

length of the pereon, but sometimes it is shorter. A network of 

capillary-like sinuses in the wall of the carapace empties oxy- 

genated blood into the pericardial sinus. 

The nervous system includes a subesophageal ganglion 

with at least the ganglia of the mouthparts and maxillipeds 

and sometimes those of the chelipeds as well. The remaining 

ganglia are part of the ventral nerve cord. Compound eyes, if 

present, are small with few ommatidia. In some taxa the eye is 

on a short, articulated stalk. Aesthetascs are present on the 

first antennae. 

Most tanaidaceans are gonochoric and usually exhibit 

sexual dimorphism in the size of the chelipeds, develop- 

ment of the eyes, number of aesthetascs, and development of 

pleopods in a pattern similar to that of cumaceans. Males 

often have enhanced sensory systems and reduced or vestigial 

mouthparts, and mature males of some taxa do not feed, sub- 

sisting on energy reserves accumulated as juveniles. The 

gonads conform to the general malacostracan pattern. Males 

have a single penis or a pair of penes (cones) on the eighth 

thoracic sternite. 

Fertilization is external and follows the parturial molt of 

the female. Mating usually occurs in the tube of the female, 

which the male visits for that purpose. The partners lie facing 

each other in the tube (Fig. 19-60) and the male releases 

sperm after inserting his penes into the marsupium. The 

female immediately extrudes eggs from the gonopores into 

the marsupium, where fertilization occurs. The eggs are 

brooded in the marsupium, from which the juveniles exit as 

manca larvae, which may then remain in the mother’s tube for 

two or three days. Tanaidaceans are protogynous consecutive 

hermaphrodites, as are some isopods (such as Cyathura). In 

general, newly hatched mancas develop first into reproductive 

females, produce one or more broods, and then molt to 

become reproductive males. 

Isopoda0 

Most of the 4000 described species of isopods (Fig. 19-61) 

live in the sea, where they are widely distributed, diverse, 

abundant, and ecologically important in most benthic habi- 

tats. In addition, many are found in freshwater benthic 

communities, including interstitial, hypogean, and epigean 

habitats. The wood lice, or pill bugs, are the most successful 

terrestrial crustaceans. The taxon includes many parasitic 

FIGURE 19-61 Isopoda: Oniscoidea. A terrestrial oniscoidean isopod, 

Oniscus asellus. This European species has been introduced into North 

America and is common in gardens, hothouses, and human habitations. 

The five free pleonal segments are visible in the drawing. The sixth 

pleonal segment is fused with the telson to form the small pleotelson. 

(After Paulmierfrom Van Name, 1936.) 



662 Chapter 19 CrustaceasP 

species, including two exclusively parasitic higher taxa. They 

have, however, no pelagic representatives equivalent to the 

hyperiidean amphipods. Among crustaceans, Isopoda is 

exceeded only by the copepods, decapods, and amphipods 
in number of species. Most isopods are 5 to 15 mm in length, 

but the giant, deep-sea Bathynomus giganteus reaches a length 

of 42 cm and a width of 15 cm and some interstitial Microcer- 

berus are only 1 mm. Isopods resemble amphipods in several 

respects and are often compared — and sometimes con- 

fused—with them, but the similarities are probably conver- 

gent. Amphipods tend to be laterally compressed whereas 

most isopods are dorsoventrally depressed. 

FORM 

The isopod cephalothorax consists of the head and the first 

thoracic segment. The first antennae are short and unira- 

mous, and in terrestrial isopods they are vestigial. The com- 

pound eyes are sessile. There is one pair of maxillipeds and 

the mandibles have palps and lacinia mobilis. 

The seven free thoracic segments form a pereon with 

seven pairs of uniramous pereopods. In most isopods there 

is no specialization of these appendages and the seven are 

similar (Fig. 19-62B). The name isopod (= equal foot) refers 

to the similarity, in morphology and orientation, of these 

appendages. Isopod pereopods are not divided into anteriorly 

and posteriorly oriented groups, as those of amphipods are. In 

some isopods, however, the anterior pereopods are specialized 

as gnathopods (Fig. 19-62A) similar to those of amphipods. 

The pereopods usually are adapted for walking or crawling. 

The coxae of the pereopods are fused with the tergites to form 

epimera (sing., epimeron), or sideplates (Fig. 19-61), that pro- 

ject ventrolaterally and form a protected ventral space below 

the thorax. The pereopods do not bear gills as they do in 

amphipods, and so this protected space is not a branchial 

chamber. Some or all of the pereopods of mature females bear 

medial oostegites that form a marsupium where eggs are 

brooded (Fig. 19-62B). 

The abdomen consists of six segments of which at least 

one, and often more, is fused with the telson to form a rigid, 

sclerotized pleotelson (Fig. 19-63D). For example, in Asellota 

all but the anteriormost one or two abdominal segments are 

fused with the telson (Fig. 19-62A) whereas in Oniscoidea only 

the sixth contributes to the pleotelson (Fig. 19-61). 

The abdominal appendages are five pairs of biramous 

pleopods and a pair of biramous uropods similar to those of 

URE 19-62 Isopoda: Asellota. A, Caecidotea (= Asellus) in dorsal view. B, Female Caecidotea in ventral view 
Appendages omitted from the left side for clarity. Note the overlapping oostegites forming the marsupium around 
the eggs. (A, After Pennak, R. W. 1989. Fresh-Water Invertebrates of the United States, Protozoa to Mollusca. 3rd edition 

H iley-Inlersctence, New York. 628 pp, B. After Van Name. W G. 1936. The Amencan land and freshwater isopod Crustacea. 

Bull. Amer. Mus. Nat. Hist. 71:7.) 
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FIGURE 19-63 Isopoda: Representatives of some isopod higher taxa. A, Flabellifera: Sphaeroma 
quadridentatum, a common shallow-water marine isopod found on algae and pilings. All but one abdominal 
tergite are fused with the telson. The members of this genus are capable of rolling into a ball, as are many 
terrestrial isopods. B, Ventral view of Sphaeroma. C, Anthuridea: Cyathura, a genus of marine isopods adapted 
for living in burrows in mud and sand bottoms. The many other species of this large family have a similar habit. 
D, Valvifera: Idotea pelagica (dorsal view). This and other members of the large marine family Idoteidae are 
common inhabitants of macroalgae in shallow marine waters. (C, After Grunerfrom Kaestner, A. 1970. Invertebrate 
Zoology. Vol. 3. Wiley-Interscience, New York; D, After Sars.) 

decapods. The rami of the pieopods have a thin, permeable 

cuticle and are the gills (Fig. 19-66A). Abdominal gills are 

unusual in the Crustacea, but they also occur in stomatopods. 

The pieopods may also be used for swimming. In most isopods 

the endopods of the second male pieopods, and occasionally 

of the first also, are gonopods, or intromittent organs. 

Coloration is usually drab, with shades of gray most com- 

mon, but some are bright colors such as green or orange. 

Chromatophores adapt the body coloration to the back- 

ground in many species. The cuticle tends to be more heavily 

sclerotized than that of amphipods. 

DIVERSITY OF ISOPODA 

The diversity of Isopoda is reflected in the large number of 

suborders: nine in comparison with the four of Amphipoda. 

Flabelliferas°: A large, diverse, important taxon of chiefly 

marine, benthic isopods (Fig. 19-63A,B, 19-64A, 19-65C). 

The majority of shallow-water, marine, benthic isopods are 

flabelliferans. Body usually is depressed, often broadly 

arched in cross section. Many resemble terrestrial wood 

lice. A few freshwater species. Many are carnivores or para- 

sites of fishes. Bathynomus, Cirolana, Cymothoa, Lirnnoria, 

Paracerceis, Sphaeroma, Rocinela (Fig. 12-65C). 

Valviferas0: Another important taxon of marine, benthic 

isopods (Fig. 19-63D). Uropods ventral to the pleotelson 

form opercula (valves) to enclose and protect branchial 

chamber and pieopods. Pleotelson often elongate. Erich- 

sonella, Idotea. 

Asellotas0: Chiefly freshwater (Fig. 19-62), but some deep- 

sea species. Most freshwater isopods are asellotes; both 

epigean (surface waters) and subterranean. Caecidotea, Lirceus, 

Munna. 

Anthurideas0: Chiefly shallow-water, marine, benthic. Mostly 

Southern Hemisphere. Body elongate, subcylindrical (Fig. 

19-63C). Most burrow in soft sediments or occupy crevices 

in hard substrata. A few in hypogean freshwaters. Apanthura, 

Cyathura. 

Phreatoicideas°: Small taxon of amphipod-like freshwater 

isopods. Only in South Africa, India, New Zealand, and 

Australia. Feed on plant detritus. Nichollsia, Phreatoicus. 

Oniscoideas°: Semiterrestrial and terrestrial isopods (Fig. 

19-61). Some are so well adapted to terrestrial habitats that 

they inhabit deserts. Includes supratidal sea slaters and 

fully terrestrial wood lice, pill bugs, sow bugs. Herbivores. 

Armadillidium, Ligia, Oniscus, Porcellio, Tylos. 

Microcerberideas0: Tiny interstitial isopods. Freshwater, shal- 

low marine habitats. Vermiform, cylindrical in cross sec- 

tion, as is typical of interstitial animals. Microcerberus. 

Gnathiideas0: Small taxon of parasitic marine isopods. Juvenile 

stages parasitic on fishes; adults do not feed (Fig. 19-65A,B). 

Adults subsist on fish blood stored in the digestive ceca as 
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FIGURE 19-64 Isopoda: Flabellifera. A, The wood-boring isopod Limnoria lignorum. B, Mandibles of L. lignorum. 
C, Diagrammatic section of a burrow of L. lignorum. D, Jetty piling nearly eaten through at the base by L. lignorum. 
(A, After Sars from Yonge; B, After Hoek from Yonge; C, From Yonge, C. M. 1949. The Seashore. Collins, London.) 

juveniles. Adults live in burrows constructed by the male. 

Some are viviparous, female retains and gestates developing 

embryos in ovaries. Gnathia, Paragnathia. 

Epicarideas0: Large taxon of highly modified, parasitic, 

marine isopods (Fig. 19-65D-I). Sucking mouthparts; feed 

on blood of crustacean hosts. Asymmetrical female is highly 

modified for parasitism and barely recognizable as an iso- 

pod. Male is a dwarf, usually symmetrical and isopod-like. 

Some are hermaphroditic. Asymmetrione, Athelges, Bopyrus 

Cancricepon, Cyproniscus, Probopyrus. 

LOCOMOTION AND BORING 

Most isopods are benthic animals that use their pereopods for 

crawling. The large, semiterrestrial sea slater Ligia, easily the 

most noticeable isopod along coastlines, runs rapidly over 

docks, exposed wharf pilings, and rocks. Many aquatic and ter- 

restrial isopods burrow. Some species of the gribble, Limnoria, 

tunnel through wood and can extensively damage docks and 

pilings (Fig. 19-64), whereas others bore into the holdfasts of 

kelps. Sphaeroma tenebrans bores into the prop roots of man- 

groves. Although crawling is the primary mode of locomotion, 

most aquatic isopods can swim using their pleopods. In 

Sphaeromatidae and Serolidae (Flabellifera) the first three 

pairs of pleopods are especially adapted for this purpose and 

gas exchange is restricted to the more posterior pleopods. The 

ability to enroll into a ball has evolved in many terrestrial 

Oniscoidea and in the unrelated marine sphaeromatids. 

NUTRITION 

Most isopods are scavengers and omnivores, although there 

are also many predators and parasites. Terrestrial and some 

marine isopods are herbivorous. Deposit feeding is common. 

Wood lice feed on algae, fungi, moss, bark, and decaying veg- 

etable or animal matter. A few wood lice are carnivorous, as 

are some marine species, such as the intertidal Cirolana and 

the deep-sea Bathynomus. 

Wood-boring marine isopods feed on wood by using cellulase 

secreted by the digestive ceca. Wood-boring species of Limnoria 

are attracted to fungi in the wood that add nitrogen to their oth- 

erwise largely nitrogen-free diet of cellulose. In terrestrial wood 

lice, cellulose digestion is accomplished by symbiotic bacteria, 

and the hindgut plays a major role in the digestive process. 

There are many taxa of parasitic isopods. The larval Gnathi- 

idae (Fig. 19-65A,B) and adult Cymothoidae (Fig. 19-65C) are 

ectoparasitic on the skin of fishes and have mandibles adapted 

for piercing. Similar mouthparts are also present in the para- 

sitic taxon Epicaridea, whose members are all bloodsuckers 

(Fig. 19-65D-I). 

The isopod gut consists solely of the foregut and hindgut. 

The midgut does not contribute to the central tube, but is rep- 

resented by the all-important digestive ceca arising from the 

posterior ventral region of the stomach. Beyond these com- 

mon features, the isopod gut is highly variable, with much of 

that variability correlated with diet rather than taxonomy. 

The ectodermal esophagus is usually muscular and sucks 

food into the gut. This ability has been enhanced in the 

bloodsucking parasitic isopods. The posterior end of the 

foregut is the stomach, where trituration, hydrolysis, and sort- 

ing occur. Stomach structure varies but often is similar to that 

of decapods and some amphipods in having dorsal and ventral 

channels specialized for separating indigestible material (dor- 

sal) from food (ventral). Most isopods have two or three pairs 

of digestive ceca, where intracellular digestion and absorption 

occur. The hindgut begins at the posterior end of the stomach 

and extends to the anus on the pleotelson. 

GAS EXCHANGE 

Gas exchange in isopods is abdominal and accomplished 

across the thin cuticle of some or all of the biramous pleopods. 

Primitive isopods have five pairs of these. The exopods and 

endopods are large, flat, overlapping lamellae that function in 

both gas exchange and swimming. The concave space below 

the abdomen that houses these pleopods is the branchial 
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FIGURE 19-65 Parasitic isopods. A and B, Gnathidea: an aberrant isopod, Gnathia maxillaris, that looks like 

an insect. The larval stage (B) is parasitic on fishes and has sucking mouthparts. Both larva and adult are less than 

3 mm long. C, Flabellifera: an isopod fish louse, Rocinela, on a fish living with a sea anemone. D-l, Epicaridea: 

D, The bopyrid Cancricepon elegans, parasitic in the gill chambers of certain crabs. E, Athlges tenuicaudis alone. 

F, A. tenuicaudis on the abdomen of a hermit crab. G, The parasitic isopod Cyproniscus, in the ostracod, 

Cypridina. H, Ventral view of Bopyrus squillarum and I, its location in the branchial cavity of a shrimp. (A and B, 

Based on living specimens and figures by Sars; D-I, After Sars.) 
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chamber. The pleopods typically lie flat against the underside 

of the abdomen. Most isopods exhibit some variation on this 

pattern. 

The first, second, third, or fourth pleopods or the uropods 

may be modified as opercula to cover the branchial chamber 

and protect the gills. In the marine Valvifera, the uropods are 

greatly elongate and meet at the ventral midline to form an 

operculum covering the branchial chamber, whereas in the 

freshwater Asellota the third pleopods are the opercula (Fig. 

19-62B). In most species only the endopod is respiratory (Fig. 

19-66A) and the exopods are natatory. The cuticle of respira- 

tory rami is thinner and more permeable than that of their 

natatory counterparts. 

In some isopods, the anterior pleopods are specialized for 

swimming and the posterior ones for gas exchange. In some ter- 

Protopod 

FIGURE 19-66 Isopoda. A, Fifth pleopod of the wood louse Oniscus 
asellus, showing the depression in the exopod accommodating the 
respiratory endopod. The setae exclude particulates. Part of the exopod 
that is also respiratory is indicated by the L (lateral respiratory surface of 
the exopod). B, Section through the pleopod exopod of the wood louse 
Porcellio scaber, showing spiracle and pseudotracheae. (Both after Unwin 

from Kaestner, A. 1970. Invertebrate Zoology. Vol. 3. Wiley-Interscience, New York.) 

restrial isopods, the endopods continue to function as gills but 

are sequestered in a depression in the accompanying exopod 

that protects themTrom desiccation (Fig. 19-66A). In other ter- 

restrial species, a system of epidermal invaginations resembling 

insect tracheae and known as pseudotracheae has developed in 

the exopod (Fig. 19-66B). Abdominal gas exchange in some 

isopods is supplemented by the general body surface. 

INTERNAL TRANSPORT AND EXCRETORY SYSTEM 

The isopod hemal system resembles that of other malacostra- 

cans except that the heart, like the gills, is abdominal rather 

than thoracic. The abdominal position of the heart is corre- 

lated with the position of the respiratory pleopods. The blood 

contains hemocyanin. 

The excretory organs are maxillary glands. These probably 

function chiefly in osmoregulation and are larger in freshwa- 

ter species than in marine or terrestrial isopods. The gills are 

thought to have an osmoregulatory function and the gut also 

plays a role in ion and water exchange with the environment. 

Nitrogen is eliminated across the gills as ammonia. Because 

their maxillary glands are poorly developed, wood lice release 

nitrogenous wastes as gaseous ammonia. Terrestrial onis- 

coideans absorb water across the epithelium of the rectum. 

Nephrocytes are present. 

NERVOUS SYSTEM AND SENSE ORGANS 

The nervous system is typically arthropodan, with a sub- 

esophageal ganglion consisting of the ganglia of the mouth- 

parts and maxillipeds. Some abdominal ganglia may fuse to 

form a ganglion in the anterior pleon. The compound eyes 

are appositional, with the crystalline cones in contact with the 

rhabdome and the unit shielded by pigment cells. Median 

ocelli are also present in many isopods. The first antennae 

bear aesthetascs that are especially numerous in males, which 

use them to detect females in preparturial condition. In ter- 

restrial isopods (oniscoideans) the first antennae are vestigial 

and the aesthetascs are on the second antennae, where they 

probably function as hygroreceptors to detect humidity. Some 

isopods have statocysts in the pleotelson. 

REPRODUCTION AND DEVELOPMENT 

Most isopods are gonochoric, although there are some her- 

maphroditic species. Sexual dimorphism is minimal in most but 

pronounced in some parasites. Fertilization is internal and 

sperm transfer is indirect, with modified pleopods (gonopods) 

being used to transfer sperm to the female. The paired gonads 

are separate. The paired female gonopores are median, sternal 

openings on thoracic segment 6. Each of the two oviducts is 

enlarged distally to form a seminal receptacle, but the receptacle 

and oviduct are not connected until after the parturial molt. 

The male gonopores open on a pair of penes on the ster- 

nite of thoracic segment 8. Sometimes the two penes are fused 

medially. The first two pairs of pleopods are gonopods in most 

terrestrial isopods. Sperm is transferred from the penes to the 

second pleopod, in some species with the assistance of the first 

pleopod. The second pleopod is inserted into a female gono- 

pore and the sperm is injected into a seminal receptacle, 

where it is stored until fertilization occurs. 

Mating usually takes place before the parturial molt, rather 

than after it as in amphipods, but in some species it occurs 
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during this molt. The parturial molt establishes a connection 

between the seminal receptacle and the oviduct so that fertil- 

ization and spawning can occur. Before this molt the seminal 

receptacle is isolated from the ovary and eggs and there is no 

possibility of fertilization even if the female is inseminated. 

The eggs are brooded in the marsupium (Fig. 19-62B). The 

marsupium of terrestrial isopods is filled with water, so devel- 

opment of the young is aquatic, despite the terrestrial habitat 

of the adults. From a few to several hundred eggs are usually 

brooded, and the hatching stage is a manca postlarva. 

ADAPTATIONS FOR TERRESTRIAL HABITATS 

Oniscoidea has specialized in the exploitation of terrestrial 

habitats and its members show, various degrees of adaptation 

for this habitat. Oniscoideans are believed to have invaded 

land directly from the sea rather than by way of fresh water, 

and they now occupy a wide variety of terrestrial habits ranging 

from the moist seashore to the desert. Oniscoidean evolution 

has been a saga of increasing ability to conserve water and 

resist desiccation. Although some oniscoideans live at the edge 

of thf sea and others inhabit marshes, most occupy inland 

environments independent of standing water. Nevertheless, 

most species require a humid microclimate and take advantage 

of moist areas beneath stories, in bark, and in leaf mold in both 

temperate and tropical regions. Desert-inhabiting species are 

nocturnal burrowers that by day take advantage of the cooler, 

moister microclimate available in their burrow and venture to 

the desert surface only at night. 
Shore-inhabiting forms include the widespread Ligia, which 

lives on pilings, jetties, and rocks at the water’s edge, and Tylos, 

which lives beneath beach drift or sand at the high-tide mark. 

Among terrestrial isopods, these shoreline species are the least 

adapted for terrestrial life. Inland taxa, including Oniscus, 

Porcellio, and Armadillidium, are better adapted for life on land 

and are common in suburban yards and gardens. 

Most terrestrial isopods have morphological and behavioral 

adaptations to reduce water loss and, while they are better at it 

than other crustaceans, they are considerably less well-adapted 

in this regard than chelicerates and tracheates. Wood lice have 

not evolved a waxy epicuticle for their thin, ventral exoskele- 

ton to prevent evaporation as insects and arachnids have. 

Their ability to enroll may be an adaptation to reduce water 

loss from this surface. 

Like aquatic isopods, wood lice use the gills for gas exchange, 

but in the best-adapted species the gills are enclosed to reduce 

desiccation (Fig. 19-66A) and pseudotracheae (Fig. 19-66B) are 

present in the exopod. As protected invaginations of the body 

surface, pseudotracheae are much better at conserving water 

than are gills, which are exposed evaginations. Wood lice with 

pseudotracheae can tolerate much drier air than can those 

with gills. 

In the absence of a waxy epicuticle, terrestrial isopods can- 

not avoid evaporation of water from the general body surface, 

although it can be minimized behaviorally and morphologi- 

cally. To remain permeable to oxygen, the gills must retain a 

covering film of moisture. That moisture is subject to evapora- 

tion, of course, and must be replaced when lost. In most 

species the water is replaced from food sources and by drink- 

ing. In some wood lice, the two uropodal endopods are held 

together to form a tube that is dipped into a droplet of dew or 

rain. Capillarity wicks the water up the tube and onto the gills. 

Other wood lice have a system of surface channels that carry 

water from the dorsum to the ventral surface and gills. 

In general, wood lice are photonegative and strongly posi- 

tively thigmotactic and can discriminate between relatively slight 

differences in humidity, resulting in their being active at night 

and inactive during the day. That the eyes of wood lice are 

poorly developed is probably related to their nocturnal, secretive 

behavior and diet of decaying vegetation that does not require 

vision to locate. Repugnatorial glands are used to defend against 

such predators as spiders and ants. The ability to enroll probably 

contributes to this defense. 

Phylogeny of Peracarida 
Lophogastrid mysidaceans are the most primitive peracaridans 

and are closest to the peracaridan origins. The remaining taxa 

arose from mysid-like ancestors. 

The more-derived peracaridans form a taxon, Mancoidea, 

in which the young emerge from the marsupium as manca lar- 

vae that resemble miniature adults except that the eighth tho- 

racopod is absent. Mancoidea includes Cumacea, Mictacea, 

Spelaeogriphacea, Tanaidacea, and Isopoda, with only Mysi- 

dacea and Amphipoda being excluded. Amphipoda is the sis- 

ter taxon of Mancoidea. 

The well-developed cumacean carapace almost completely 

encloses the branchial chamber, but in other mancoideans the 

carapace has been reduced or lost. Mictacea, consisting of 

three species from marine caves and abyssal muds, and 

Spelaeogriphacea, with only three species from freshwater 

cave ecosystems, both have a short carapace covering the first 

one or two thoracomeres. 

Tanaidaceans and isopods are sister taxa. The cep’nalothorax 

of tanaidaceans consists of the head and first two thoracomeres, 

whereas it is the head and only one thoracomere in the isopods. 

Tanaidaceans have a carapace, but it has been lost in both 

isopods and, through convergence, amphipods. Some abdomi- 

nal segments fused with the telson to form a pleotelson in both 

tanaidaceans and isopods, but this similarity is probably a con- 

vergence, as some fossil tanaidaceans have no pleotelson. 

PHYLOGENETIC HIERARCHY OF PERACARIDA 
No phylogenetic system has been published for Peracarida. 

The following incomplete hierarchy is based on comments 

in Ax (2000). 

Peracarida 

Mysidacea 

N.N. 

Amphipoda 

Mancoidea 

Cumacea 

N.N. 

N.N. 

Mictacea 

Spelaeogriphacea 

N.N. 

Tanaidacea 

Isopoda 
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PHYLOGENY OF MALACOSTRACA 
Leptostraca is the sister taxon of Eumalacostraca, and the latter 

contains all the remaining malacostracan taxa (Fig. 19-67). In 

the early eumalacostracans the exopods of the second antennae 

developed into a scaphocerite, or antennal scale, that is absent 

in Leptostraca. The phyllopodous thoracopods inherited from 

the ancestral crustacean were transformed into stenopods by 

modification of the endopods. The sixth pleopods became 

uropods, which in conjunction with the enlarged telson formed 

a tail fan. The caudal furca was lost. 

Eumalacostraca is divided into Stomatopoda and Cari- 

doida, the latter including all remaining eumalacostracan 

taxa. The stomatopods have triramous first antennae, raptorial 

anterior thoracopods, and respiratory pleopods. The caridoid 

rostrum is fused with the head and unmovable. There is a sta- 

tocyst in each of the second antennae, although it is often sec- 

ondarily lost. The abdominal muscles, acting in conjunction 

with the tail fan, form a powerful thrusting mechanism per- 

mitting rapid rearward escape. The left mandible has a lacinia 

mobilis, which is a heavy, movable spine. 

The incorporation of the three anterior thoracomeres into 

the cephalothorax and modification of their appendages into 

three pairs of maxillipeds separates the large and important 

Decapoda from the Xenommacarida. The decapod pereon is 

left with five pairs of pereopods. The cephalothorax and 

pereon are covered dorsally and laterally by a carapace that 
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FIGURE 19-67 A phylogeny of Malacostraca. 1, Malacostraca: Trunk 

has 15 segments; abdomen and thorax have appendages; thorax has 

8 segments; abdomen has 7; female gonopore is on thoraco- 

mere 6; male gonopore is on thoracomere 8. 2, Leptostraca: Antennae 

1 have a scalelike appendage; antennae 2 are uniramous; maxillae 

2 have a long palp for grooming; brooding with direct development. 

3, Eumalacostraca: Exopod of antennae 2 is a large flat scale; 

thoracopods are stenopods; uropods and telson form a tail fan. 
4, Stomatopoda: Antennae 2 are triramous; short carapace covers four 

anterior thoracomeres; thoracopods 1 through 5 are raptorial; pleopods 
are respiratory; maxillary glands. 5, Caridoida: Rostrum fused with 

head, antennal statocyst is present; pleon musculature and tail fan 

function as an escape mechanism; lacinia mobilis on left mandible only. 

6, Decapoda: Carapace covers and fuses with all eight thoracomeres 

and encloses the lateral branchial chambers; cephalothorax includes 

three thoracomeres; thoracopods 1 through 3 are maxillipeds; scapho- 

gnathite (epipodite of maxillae 2) generates the respiratory current. 

7, Xenommacarida: Crystalline cone of ommatidium produced by 

two cone cells; cone stalk is lost; retinula cells extended distally. 

8, Syncarida: Carapace is lost; direct development; fresh water. 9, N. N.: 

Thoracic biramous epipodial gills with the medioventral ramus located 

in a branchial cavity under the thorax. 10, Euphausiacea: Carapace 

large and attached to all eight thoracomeres. Telson with a pair of sub- 

apical spines. 11, Neocarida: Both mandibles have lacinia mobilis; 

cephalothorax is formed of one thoracomere fused with the head; 

thoracopod 1 is a maxilliped; development is direct. 12, Pancarida: 
Dorsal brood pouch; short carapace; saccate nephridia are absent; eyes 

are absent; pleopods 3-5 absent. 13, Peracarida: Ventral marsupium 

composed of oostegites. (Modified from Ax, P. 2000. Multicellular Animals, 

II. Springer Verlag, Berlin.) 
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PHYLOGENETIC HIERARCHY OF MALACOSTRACA 

Malacostraca 

Leptostraca 

Eumalacostraca 

Stomatopoda 

Caridoida 

Decapoda 

Xenommacarida 

Syncarida 

N.N. 

Euphausiacea 

Neocarida 

Pancarida 

Peracarida 

encloses a gill chamber on either side. The exopods of the sec- 

ond maxillae become large gill bailers (scaphognathites) used 

to generate the respiratory current. 

Modification of the ommatidium in the compound eye of 

the ancestral Xenommacarida reduced the number of cone 

cells that form the crystalline cone from the ancestral four to 

two. One group of xenommacarids lost the carapace, aban- 

doned the nauplius larva and adopted direct development, 

and evolved into the freshwater Syncarida. 

The euphausiaceans arose with the development of a cara- 

pace covering and fused dorsally with the entire thorax. The 

carapace does not extend ventrally, however, leaving the eight 

pairs of unmodified biramous thoracopods exposed. There 

are no maxillipeds. 

The remaining malacostracans belong to Neocarida and 

are characterized by a lacinia mobilis on each mandible. At 

least the first thoracomere is fused with the head to form a 

short cephalothorax, and the first thoracopod is a maxilliped. 

These crustaceans have lost the nauplius larva and have direct 

development. 

Pancarida is a small neocarid taxon whose members brood 

the young in a dorsal brood pouch under the carapace. Pan- 

carids are unusual in having no antennal or maxillary glands. 

Peracarida evolved from neocarid ancestors by developing a 

ventral marsupium enclosed by setose oostegites extending 

medially from some thoracopods. 

MAXILLOPODAsc  
In most recent classifications, several taxa are grouped together 

in Maxillopoda. Those included vary with author, but in its 

broadest and most inclusive sense they are Copepoda, Mystaco- 

carida, Tantulocarida, Ascothoracida, Cirripedia, Ostracoda, 

Branchiura, and Pentastomida. Maxillopodans are small crus- 

taceans (usually microcrustaceans) with a short trunk. 

Several characteristics define Maxillopoda, but the short 

trunk with 10 or fewer segments is the most important. The 

naupliar eye has only three ocelli, in contrast to the four of the 

ancestral crustaceans. Compound eyes are sometimes present, 

but they are completely absent in Copepoda, Mystacocarida, 

and Tantulocarida. Sometimes there is a carapace. The thorax 

includes seven or fewer segments and the abdomen three or 

less. Some thoracic segments may fuse with the head to form a 

cephalothorax. The thorax bears biramous (sometimes unira- 

mous) appendages, but the abdomen lacks appendages. Many 

adult maxillopodan features (short body, naupliar eye, small 

size, and paucity of thoracopods) are reminiscent of larvae, 

suggesting that Maxillopoda may have arisen by pedomorpho- 

sis when a postlarva attained sexual maturity without develop- 

ing adult morphology. 

COPEPODAc 

Approximately 12,000 described species of extant copepods 

(Fig. 19-68) make this one of the largest crustacean higher 

taxa, second only to Malacostraca. Most copepods are 

marine, but there are many freshwater species and a few ter- 

restrial forms live in moss, soil-water films, and leaf litter. 

Parasitic copepods attack various marine and freshwater ani- 

mals, particularly fish. The enormous numbers of marine 

copepods are almost always the most abundant and conspic- 

uous component of a plankton sample. Copepoda is one of 

the three taxa that dominate the freshwater zooplankton. It 

has been suggested that copepods are the most abundant 

metazoans on Earth, with more individuals (but not species) 

than insects. Because most planktonic species feed on phyto- 

plankton, copepods are the principal and essential link 

between the world’s most important producers (marine phy- 

toplankton) and higher trophic levels in pelagic marine 

food chains. Copepods are a major part of the diet of many 

marine animals. 

Most copepods range in length from less than 1 to about 

5 mm, although there are larger (17 mm) free-living species. 

Some parasitic forms are very large, over 32 cm in length with 

the egg sac and 25 cm without (Fig. 19-73). Although most 

copepods are pale and transparent, some species may be bril- 

liant red, orange, purple, blue, or black. Many species are biolu- 

minescent. 

The body of most free-living copepods is tapered from 

anterior to posterior and somewhat cylindrical (Fig. 19-69), 

but there are many exceptions to this generalization. The 

trunk is composed of a thorax and abdomen. The anterior 

end is either rounded or pointed. Compound eyes are absent, 

but the median naupliar eye is a typical and conspicuous fea- 

ture of most copepods. Also conspicuous are the uniramous 

first antennae, which generally are long and held outstretched 

at right angles to the long axis of the body. 

The great diversity of Copepoda is reflected in by its 

10 higher taxa (orders), 5 of which are free-living and 5 

commensal or parasitic. The free-living taxa are Cyclopoida 

(Fig. 19-68, 19-70C,D), Calanoida (Fig. 19-69), Harpacticoida 

(Fig. 19-70A,B, 19-72), Gelyelloida, and Platycopioida. The 

symbiotic taxa are Monstrilloida, Mormonilloida, Misophri- 

oida, Siphonostomatoida (Fig. 19-73, 19-74B-E), and Poe- 

cilostomatoida (Fig. 19-74A). Calanoida, Harpacticoida, and 

Cyclopoida, although not closely related, are overwhelmingly 

the most ecologically important free-living taxa and will be 

the focus of this section. Among modern copepods, the 

calanoids are most like the ancestral copepods. 
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FIGURE 19-68 Copepoda: 

Cyclopoidea. Macrocyclops albidus 

(dorsal view). (After Matthesfrom 

Kaestner.) 
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FIGURE 19 69 Copepoda. Calanoida. A, Diagrammatic ventral view of the calanoid Pseudocalanus, showing 

appendages. B, Ventral view of Calanus, a typical calanoid copepod, with appendages shown. (A, From Corkett, J., 

and McLaren, I. A. 1978. The biology of Pseudocalanus. Adv. Mar. Biol. 15:2-231; B, After Giesbrecht, W. 1892. Fauna 

and Flora Golfes Neapel. Monogr. 19:1—831.) 
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Of the five free-living taxa, calanoids are largely planktonic; 

harpacticoids, which account for over 50% of copepod species, 

are mostly benthic; and cyclopoids include both planktonic 

and epibenthic species. Variations in body shape are related to 

the habitat of the species. Planktonic forms tend to have a 

cylindrical body with a narrow abdomen. Those that live high 

in the water column tend to be more slender and fusiform 

than those that swim closer to the bottom. Epibenthic species, 

which crawl and swim just above the bottom, have somewhat 

broader bodies. Benthic species that live on algae and sea 

grasses may be broad and flattened; interstitial species are nar- 

row and vermiform (Fig. 19-70A,B). 

Form 
The typical copepod body is,short and has a head and 10 

trunk segments plus a telson (Fig. 19-71). The head bears five 

pairs of appendages. The first antennae are uniramous and 

may be long. In males they are geniculate (sharply bent) 

and used to hold the female during copulation. The small sec- 

ond antennae are biramous. The mandibles are biramous and 

each mandibular coxa bears a large, toothed gnathobase and 

a biramous palp. The first maxillae are biramous, but often 

FIGURE 19-70 Copepoda. A, A cylindropsyllid harpacticoid copepod 

(dorsal view). B, Interstitial harpacticoid copepods crawling among sand 

grains. Two foraminiferan shells are among the sand grains. C and D# 

Two marine cyclopoid copepods, Corycaeus (C) and Copilia (D), in which 

the naupliar eye is very large and divided. Copepods of these and 
related genera are often brilliantly colored. (A, After Sars; C andD, From 

Smith, D. L. 1977. A Guide to Marine Coastal Plankton and Marine 

Invertebrate Larvae. Kendall/Hunt Publishing Co., Dubuque, IA.) 

are reduced or lost in parasitic species. The second maxillae 

are uniramous. The adult retains the naupliar eye with three 

inverse pigment-cup ocelli, and compound eyes are absent. 

The trunk is divided into a thorax of seven segments and a 

three-segmented abdomen. In the ground plan, the first trunk 

segment is fused with the head to form a cephalothorax, but 

in some derived copepods the first two thoracic segments are 

incorporated into the cephalothorax. No other maxillopodan 

has such a cephalothorax. The seven thoracic segments bear 

paired biramous thoracopods whereas the abdominal seg- 

ments have no appendages. The first thoracic appendages are 

the maxillipeds of the cephalothorax. Unlike the other thora- 

copods, the maxillipeds are uniramous and may be reduced or 

absent. Thoracic segments 2 through 7 are independent of 

the cephalothorax and form the pereon. Thoracic segments 

2 through 6 bear similar biramous pereopods (Fig. 19-71) con- 
sisting of a coxa, basis, endopod, and exopod. The right and 

left coxae of each pair are rigidly joined across the ventral 

midline by an unpaired median intercoxal plate. In both sexes 

the gonopores are on the seventh thoracic segment. This is 

the genital segment, and it bears a pair of appendages that 

form an operculum over the gonopores. In some females the 

genital segment is fused with the first abdominal segment. 

The abdomen includes three segments plus the terminal 

telson (anal segment). The abdominal segments have no ap- 

pendages and usually are narrower than the thorax. A caudal 

furca extends posteriorly from the telson. In some planktonic 

marine species the furca is elaborately developed. The anus 

opens dorsally on the telson between the bases of the furcal rami. 

In the three major free-living copepod orders (Calanoida, 

Harpacticoida, and Cyclopoida), between the anterior and pos- 

terior portions of the trunk is a major articulation at which the 

body flexes ventrally. This articulation does not coincide with 

the junction between the thorax and abdomen, nor is it at the 

same position in each taxon. In the ancestral copepod and the 

modern calanoids and platycopoids, the articulation is between 

thoracomeres 6 and 7. In the other taxa it has shifted from the 

ancestral position and is between thoracomeres 5 and 6. 

Internal Form and Function 
The gut (Fig. 19-71) is typical of crustaceans. Copepods display a 

range of feeding modes, depending in part on where they live. 

Planktonic copepods are chiefly suspension feeders, with the sec- 

ond maxillae modified to capture food. Phytoplankton constitute 

the principal part of the diet of most suspension-feeding species, 

but some rely heavily on detritus particles as well. Using radioac- 

tive diatom cultures, Calanus finmarchicus, which is about 5 mm 

long, was shown to collect and ingest from 11,000 to 373,000 

diatoms, depending on their size, every 24 h. When feeding on 

particles of mixed sizes, larger particles are selected because they 

can be handled more efficiently, but under natural conditions 

planktonic copepods probably accept whatever food is available. 

Not all planktonic copepods are herbivorous suspension 

feeders. Some are omnivorous and some are strictly predaceous. 

Species of Anomalocera and Pareuchaeta even capture juvenile 

fishes. Species of the planktonic and epibenthic harpacticoid 

Tisbe swarm over a small fish and eat its fins, immobilizing it. 

They then devour the body as it falls to the bottom. Some fresh- 

water Cyclopidae are herbivorous suspension feeders utilizing 
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FIGURE 19-71 Copepoda: A generalized copepod in lateral view. The cephalothorax includes the head 
plus the first thoracic segment. The thorax consists of seven segments, including one that is part of the 
cephalothorax. Segments 2 through 7 are the pereon. The abdomen begins immediately posterior to the genital 
segment and consists of three segments plus the telson and caudal furca. Thoracic segments are indicated with 
Roman numerals, abdominal segments with Arabic numbers. (Redrawn from Boxshall, G. A., Ferrari, F. D., and 

Tiemann, H. 1984. The ancestral copepod: Towards a consensus of opinion at the First International Conference on Copepoda 

1981. Crustaceana Suppl. 7:68-84.) 

phytoplankton whereas others are zooplanktivores, feeding on 

other zooplankton. Many cyclopoids, including the common 

freshwater genus Cyclops, are predaceous. Most bottom-dwelling 

harpacticoids feed on microorganisms and detritus attached to 

sand grains, algae, and sea grasses. 

Planktonic calanoids and some harpacticoids store lipids in 
a large oil sac that may fill most of the thoracic hemocoel. The 

lipid is an energy reserve accumulated in the summer and 

consumed in winter. The oil is often red or blue, and the 

entire animal may appear to be the color of the oil. Oil makes 

an important contribution to buoyancy in planktonic species. 

The oils and waxes of planktonic copepods may have con- 

tributed to the formation of petroleum deposits. 

Gills are absent in free-living copepods, and gas exchange 

occurs across the general body surface and the hindgut. Some 

parasites have gills. A short, dorsal heart is present in the cope- 

pod ground plan, but among modern copepods it is present 

only in calanoids (Fig. 19-71). The heart, when present, lies in a 

long pericardial sinus separated from the perivisceral sinus by 

the horizontal diaphragm. In species without a heart, blood is 

moved by pulsations of the gut. The excretory organs are anten- 

nal glands in the larvae and maxillary glands (Fig. 19-71) of the 

adult. Nephrocytes are also present in the cephalothorax. 

The nervous system is variable; in the ground plan it is not 

cephalized and consists of a ventral nerve cord with a chain of 

independent segmental ganglia and no subesophageal gan- 
glion. At the other extreme, the nervous system of derived 

copepods is highly centralized, with all mouthpart and trunk 

ganglia forming a subesophageal ganglion, which is closely 

joined by thick connectives to the three-part brain. 

Locomotion 
The thoracic appendages and second antennae are used in 

rapid swimming. The second antennae, each of which have 

two branches that beat in a rotary manner, appear to be 

more important in calanoid swimming, whereas the thoracic 

appendages are more important in cyclopoids. The first 

antennae, which are long and setose in slow-sinking planktonic 

forms, function as parachutes to decrease setding velocity. 

When rapid movement is desired, they are held against the 

body to minimize their surface area. 

Carnivorous species cruise continually as they seek poten- 

tial prey. Herbivorous species, in contrast, alternate periods 

of cruising with feeding. During a feeding episode, which lasts 

10 to 30 s in Eucalanus crassus, the first antennae act both as 

parachutes and as sensors for detecting algae while the other 

anterior appendages set up a flow field that brings water to 

the feeding apparatus. A slight tendency to sink helps the 

copepod maintain the proper orientation for its flow field. 

After a feeding episode, the copepod cruises or sinks to a new 

position for another episode. Swimming positions vary greatly 

among species (upside down, vertical, and so on), and the 

caudal rami are held in various positions or act as a rudder. 

For example, E. crassus swims backward in a vertical position. 

Most planktonic copepods live in the upper 50 m of the 

sea, but many are found at greater depths. Like other fresh- 

water and marine zooplankters, many planktonic copepods 

exhibit diel (pronounced Dl-al) vertical migration (DVM) up 

and down in the water column. In the usual pattern, copepods 

migrate up into the surface water to feed on phytoplankton 

during the night, when they are relatively safe from sight- 
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orienting predators. During the day they migrate into deeper, 

darker water, presumably to avoid these predators. Popula- 

tions of the calanoid Gaetanus minor undergo DVM of about 

300 m. The calanoid Calanus tenuciornis and the cyclopoid 

Conaea gracilis do not undergo DVM and remain at approxi- 

mately the same depth over a 24-h period. The limnologist 

G. Evelyn Hutchinson calculated that DVM of zooplankton is 

the world’s greatest animal migration, moving more biomass 

over greater distances than any other. 

The bottom-dwelling harpacticoids and some cyclopoids 

crawl over or burrow through the substratum, and harpacti- 

coids are a dominant component of the interstitial fauna of 

sandy bottoms and beaches (Fig. 19-70B). The thoracic limbs 

are used in crawling, and harpacticoids also use lateral undula- 

tions of their wormlike bodies. ' 

Reproduction and Development 
The generalized copepod is gonochoric, fertilization is internal, 

and sperm transfer is indirect and employs spermatophores. 

The paired gonads connect to the exterior via paired gonoducts, 

but this pattern is modified in modern copepods and all or part 

of the system is single. The sixth thoracic appendages of males 

may be gonopods for the transfer of spermatophores to the 

female. Copepods, especially parasites, are sexually dimorphic. 

Males are usually smaller than females, and in some parasitic 

species the dwarf males have dramatically different morphology 

than the females (Fig. 19-74D,E). In nonparasitic species, the 

male’s first antennae typically are enlarged to serve as claspers to 

hold the female during copulation. In females, the distal 

oviducts form a pair of seminal receptacles for the storage of 

spermatozoa. During copulation, the male’s gonopods glue sper- 

matophores to the female’s venter. Spermatozoa, which are afla- 

gellate, move from the spermatophores to the seminal recepta- 

cles for storage. Fertilization typically occurs at a later time. 

In calanoids, fertilized eggs are released singly into the 

water, but in most others the eggs are deposited by the 

female into one or two egg sacs (ovisacs) secreted by the 

oviduct epithelium (Fig. 19-68, 19-70A, 19-74). Each oviduct 

forms one egg sac. Eggs are brooded in the egg sacs until 

the nauplii hatch. Each sac contains a few to 50 or more 

eggs, and clutches may be produced at frequent intervals. 

For example, among freshwater copepods, species of diapto- 

mid calanoids alternate between gravid and nongravid con- 

ditions every four days, and mating is required for each 

clutch of eggs. 

Development involves six naupliar and five copepodid lar- 

val stages preceding the adult instar (Fig. 19-72), with which 

molting ceases. The first copepodid larva displays the general 

adult features, but the abdomen is still unsegmented and 

there may be only three pairs of thoracic limbs. Segmentation 

and limbs are added with subsequent molts. The entire 

squence may take as little as one week or almost a year. Six 

months to a little over a year is the maximum life span of most 

free-living species. Studies of 20 planktonic species in the Adri- 

atic Sea revealed three to six generations a year. 

Many freshwater calanoids and harpacticoids and a few 

marine calanoids produce both thin-shelled, summer eggs 

and thick-shelled resting, or overwintering, eggs. In freshwa- 

ter copepods of temporary waters, the copepodid stages (or 

even adults) secrete an organic, cystlike covering, enter dia- 

pause, and become inactive under unfavorable conditions. 

Such cysts, buried in sediment, are well adapted for endur- 

ing desiccation and enable the copepod to survive periods 

when its pool or pond is dry. They also provide a means of 

dispersal when carried away on the muddy feet of birds and 

other animals. 

Parasitic Copepods 
Copepoda includes a large number of parasites in five orders. 

Some are ectoparasites on fishes, attaching to the gill fila- 

ments, fins, or integument (Fig. 19-73). Others are commensal 

or endoparasitic with or in polychaete worms, in the intestine 

FIGURE 19-72 Copepoda: Representative developmental stages of the harpacticoid copepod Elaphoidella 
bidens coronata. A-C, Ventral views. A, First nauplius. B, Sixth nauplius. C, First copepodid. D, Fifth copepodid in 
lateral view. (Adapted from Carter, M. E., and Bradford, J. M. 1972. Postembryonic development of three species of 

harpacticoid Copepoda. Smithson. Contrib. Zool. 119:1-26.) 
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FIGURE 19-73 Copepoda: Parasitic copepods, Penella exocoeti (Siphonostomatoida), on a flying fish. The 
copepods are in turn host to the barnacle Conchoderma virgatum. The copepod body is transversely striped 
whereas that of the barnacle is indicated by thick longitudinal stripes. Cirri can be seen emerging from the 
aperture of one of the barnacles. (Modified after Schmitt.) 

of echinoderms (particularly crinoids), and in tunicates and 

bivalves. Cnidarians, especially anthozoans, are hosts to many 

species of copepods. All degrees of modification are exhibited 

by these parasites. Primitive parasites usually are ectoparasites, 

such as Ergasilus, that resemble free-living species (Fig. 

19-74A). Endoparasites are more derived and less like the 

ancestral copepods. Many highly derived endoparasites, and 

some ectoparasites as well, bear little or no resemblance to the 

typical free-living calanoid or cyclopoid (Fig. 19-74). Among 

the ectoparasitic copepods, some appendages typically are spe- 

cialized to serve as holdfast organs and the mouthparts are 

adapted for piercing and sucking. 

In most parasitic copepods, only the adults are parasitic 

and the swimming larval stages are usually similar to those of 

fiee-living copepods. Contact with the host occurs at various 

times during the life cycle of the copepod, and modifications 

appear with each molt. The salmon gill maggot, Salmincola 

salmonea (Fig. 19-74B), which is parasitic on the gills of the 

Atlantic salmon, Salmo solar, has a typical life cycle. When the 

salmon enters an estuary on its spawning migration into fresh 

water, the parasite, as a first copepodid larva, attaches to a gill 

filament by a threadlike process extruded from its head. It 

then molts and uses its maxillipeds for attachment. At this 

stage the females are immature but the males are mature. 

Both are attached by their maxillipeds and can move over the 

gill. Mating occurs before the female matures and then the 

male dies. The frontal gland of the female secretes a button- 

like bulla that adheres to the fish gill filament. She then 

undergoes her final molt and attaches permanently to the 
bulla with her second maxillae. The female has achieved the 

final adult morphology and is no longer mobile. The egg sacs 

that develop may be up to 11 mm long on an 8 mm female. 

PHYLOGENETIC HIERARCHY OF COPEPODA 

Copepoda 

Platycopioida 

Neocopepoda 

Calanoida 

Podoplea 

N.N. 

Flarpacticoida 

Mormonilloida 

Poecilostomatoida 

Siphonostomatoida 

Monstrilloida 
N.N. 

Cyclopoida 

Gellyelloida 

Misophrioida 

The salmon spawns and returns to the sea (unlike Pacific 

salmon). The eggs do not hatch until the salmon returns once 

again to the estuary, where the resulting larvae infect a new 

host. A single female produces several clutches with sperm 

from the original mating. 

MYSTACOCARIDAc 

Mystacocarida is a small taxon of marine interstitial crus- 

taceans believed to be closely related to copepods (Fig. 19-75). 

The two share their complete lack of compound eyes, the 

absence of a carapace, and a 10-segmented trunk. Mystaco- 
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FIGURE 19-74 Copepoda: Parasitic copepods. A, Female Ergasilus versicolor, a poecilostomatoid parasite that 
lives on gills of freshwater fish. Only the adult female is parasitic, hooking to fish with the prehensile second 
antennae. B, A Salmincola salmonea (Siphonostomatoida) mature female attached to the gill of a European 
salmon. C, Sphyrion (Siphonostomatoida): The head is embedded in the skin of a fish and the remainder of the 
body hangs free. D and E, Male (D) and female (E) of Brachiella obesa (Siphonostomatoida) live on the gills of 
red gurnard. (A, After Wilson from Pennak; B, After Friend; C, From Parker and Haswell; D and E, After Green, J. 1961. 

A Biology of Crustacea. Quadrangle Books, Chicago, p. 113.) 

carida was first described in 1943 from specimens collected off 

Massachusetts, and 10 additional species have since been 

reported from many other coasts, principally around the 

North and South Atlantic. Most are 0.5 to 1.0 mm in length 

and adapted for living in the interstices between sand grains 

in the intertidal zone. The body is long, cylindrical, and vermi- 

form, like that of many other interstitial animals. 

The head is divided by a transverse groove into short ante- 

rior and long posterior sections. The anterior section bears 

the first antennae and four independent pigment cups. The 

posterior region has the second antennae, mandibles, both 

maxillae, labrum, and first thoracopods. The large first anten- 

nae are uniramous and the second antennae and mandibles 

are biramous. The two pairs of antennae and the mandibles 

are similar to those of nauplius larvae and are natatory. The 

distinctive labrum is long and tonguelike, extending along 

much of the length of the posterior head. 

The trunk includes 10 segments, with 7 in the thorax and 

3 plus a telson in the abdomen. The first thoracopod func- 

tions as a mouthpart, but its segment is not fused with the 

head. Sometimes it is considered a maxilliped, but some- 

times not. There is no cephalothorax or carapace. The next 

four thoracomeres bear small, vestigial appendages, but the 

two posterior thoracomeres lack appendages. The abdomen 

does not have appendages, although the telson has a caudal 

furca. 

The excretory organs and hemal system have not been 

studied. There are no midgut ceca. The nervous system 

includes a brain and a ventral chain of large, segmental 

ganglia. The sexes are separate and the hatching stage is a 

nauplius. 

TANTULOCARIDAc 

First described in 1983, Tantulocarida includes a growing num- 

ber (12 species at present) of marine ectoparasites of deep- 

water copepods, isopods, and ostracods highly specialized for a 

parasitic life. These are tiny animals, as a copepod parasite 

would have to be, that do not exceed 1 mm in length, with most 

being about 0.5 mm. They are gonochoric and sexually dimor- 

phic. The male has a gonopod derived from trunk appendages, 

and fertilization is thought to be internal. There are sexual and 

parthenogenetic life cycles connected by a larval stage. 

The bodies of sexual individuals (Fig. 19-76A,B) consist of 

cephalothorax and trunk. The cephalothorax consists of the 

head and first two thoracomeres whereas the trunk consists of 

four (in the female) or five (in the male) free thoracomeres 

plus the telson and caudal furca. Head appendages are lack- 

ing except for a pair of rod-shaped first antennae in females. 

In sexual males (Fig. 19-76B) the first six thoracopods are 

setose swimming appendages whereas the seventh are fused to 

form a penis with the gonopore. Sexual females have only two 

pairs of thoracopods and they do not appear to be natatory 

(Fig. 19-76A). The female gonopore is on the first thoraco- 

mere. Males seem to be adapted for swimming to search for 

the female, but females seem better suited for a sedentary 

existence. It is possible that the thoracopods of sexual females 

hold the male during copulation. Parthenogenetic females 

(Fig. 19-76E) are sacs of eggs that bear little resemblance to 

other crustaceans. 

Adult sexual males and females are free-swimming but do 

not feed. All feeding occurs while the larva is attached to the 

host. The sexual female (Fig. 19-76A) contains numerous 
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FIGURE 19-75 Mystacocarida: The interstitial mystacocarid, 
Derocheilocaris typica, crawling a;nong sand grains on a beach. The 
pushing force for movement is produced by the second antennae and 
mandibles, with the branches of each appendage operating against the 
substratum both above and below the head of the animal. (From 
Lombardi, J., and Ruppert, E. E. 1982. Functional morphology of locomotion 
in Derocheilocaris typica. Zoomorphology 100:1-10.) 

large eggs that, after fertilization, develop into free-swimming 

tantulus larvae (Fig. 19-76C). The unsegmented cephalotho- 

rax of the tantulus is covered by a large, dorsal carapace, but it 

has no segmental appendages. On its ventral surface is the 

mouth surrounded by an oral attachment disc, a stylet, and a 

protrusible tube for attaching to the host’s tissue. The tantulus 

attaches to the host (Fig. 19-76DS) by its oral disc and uses the 

stylet to make a hole in the host’s cuticle. The parasite absorbs 

nutriment from the host. 

In the sexual cycle, the attached tantulus gradually develops 

into a sexual adult. As it grows, a large trunk sac develops poste- 

rior to the head and a sexual adult, either male or female, devel- 

ops within the sac. If the developing adult is a female, the entire 

segmented trunk of the tantulus is jettisoned and discarded. If it 

is a male, the trunk appendages remain attached to the large 

trunk sac. The developing adult is nourished by an umbilicus 

from the attachment disc. Eventually the sexual adult breaks free 

ol the tantulus exoskeleton, mates, and produces fertilized eggs. 

Apparently there is no typical arthropod molting process. 

In the parthenogenetic cycle, the tantulus attaches to the 

host (Fig. 19-76C,DP), jettisons its trunk, and develops into a 

large, saclike parthenogenetic female (Fig. 19-76E) perma- 

nently attached to the host. This female produces eggs that 
hatch into new tantulus larvae. 

ASCOTHORACIDAc 

Ascothoracida, Acrothoracica, Thoracica, and Rhizocephala 

constitute the undisputedly monophyletic taxon of Theco- 

straca. Thoracica, Rhizocephala, and Acrothoracica are highly 

derived, bear little resemblance to other crustaceans, and are 

grouped together in Cirripedia, the barnacles. Ascothoracida 

has crustacean-like males and aberrant females, and is the sis- 

ter taxon of Cirripedia. The thecostracan larval compound eye 

has a three-part crystalline cone formed by three cone cells. 

Compound eyes are absent in adults and the second antennae 

are vestigial or absent. The first antennae are attachment 

organs and the carapace tends to be large and bivalved unless 

it has been secondarily lost. Adults are usually sessile, and 

commensalism and parasitism have arisen several times. An 

abdomen is present in only the most primitive taxa. Develop- 

ment includes distinctive nauplius and cypris larvae. Ascotho- 

racidans are the most primitive thecostracans. Rhizocephalans 

are the most derived and look nothing like crustaceans. A fifth 

thecostracan taxon, the enigmatic Facetotecta, has been known 

since 1899 from cosmopolitan, planktonic “Y-larvae,” both 

nauplii and cyprids, for which adults have never been found. 

The cyprids of all thecostracan higher taxa have five pairs of 

chemosensory lattice organs on the carapace, each consisting 

of an oval cuticular plate penetrated by a large terminal pore 

and sometimes by a field of tiny pores. Lattice organs are 

thought to be highly derived setae used to recognize appropri- 

ate substrata prior to settling. 

Ascothoracidans are obligate ectoparasites of echinoderms 

(sea lilies and serpent stars) or endoparasites of alcyonarian 

corals and in the coelom of sea stars and echinoids. Except for 

a few free-swimming species (Synagoga) that swim from host to 

host, Ascothoracidans remain permanently attached to their 

host. There are about 60 species. The largest specimens are up 

to 4 cm long, but most are much smaller. 

Male ascothoracidans with a thorax and abdomen may be 

shrimplike in appearance (Fig. 19-77), but females may bear 

little resemblance to other crustaceans. A large, bivalved cara- 

pace (mantle) encloses the thorax and sometimes the 

abdomen as well. The carapace is soft and uncalcified. In 

some species it forms a sac that encloses the animal, leaving 

only a small ventral opening. The prehensile first antennae 

are used to attach to the host. The second antennae are 

absent in adults. An oral cone composed of the labrum, 

mandibles, and first and second maxillae surrounds the 

mouth. The labrum is conical and encloses the other mouth- 

parts, which are modified for piercing and sucking. There are 

no eyes in the adult, but the nauplius larva may have com- 

pound or naupliar eyes. 

The six or fewer pairs of paddlelike thoracic appendages 

may be biramous or secondarily uniramous. The thoracopods 

are not cirriform like those of cirripedes; they resemble the 

swimming appendages of the cypris larva. The abdomen of four 

or five segments lacks appendages but has a telson with a caudal 

furca. 

The gut is adapted for sucking. The large midgut has several 

pairs of branching digestive ceca that extend into the carapace. 

The mouthparts are inserted into the tissues of the host and 

fluids are pumped into the gut. A heart is absent. Gas exchange 

occurs over the body surface, especially the carapace. The 
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FIGURE 19-76 Tantulocarida: Tantulocarid morphology and life cycle. In the sexual life cycle (top) males (B) 
and females (A) copulate and produce fertilized eggs that hatch into tantulus larvae (C). The larva attaches to a host 
and develops a saclike body. An adult develops within the larval exoskeleton while being nourished by the host. The 
adult emerges from the larval cuticle ready to mate and begin the cycle anew. In the parthenogenetic cycle (bottom) 
the tantulus attaches to a host and develops into a female consisting of a sac of eggs (E) that bears little resemblance 
to a crustacean. The eggs develop, without fertilization, into new tantulus larvae. Arrows with female and male 
symbols indicate position of gonopores. A, Sexual female with eggs. B, Sexual male. C, Tantulus larva. Ds# Host of 
sexual cycle. DP, Host of parthenogenetic cycle. E, Parthenogenetic female with eggs. (From Huys, FL, Boxshall, G. A., 
and Lincoln, RJ. 1993. The tantubcaridan life cycle: The circle, closed?J. Crust. Biol. 13:432-442. Reprinted with permission.) 
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FIGURE 19-77 Ascothoracida: A male Ascothorax ophioctenis. This species is parasitic in the genital bursae of 

brittle stars. (After Vagin, V. L. 1946. Ascothorax ophioctenis and the position of Ascothoracida in the system of the 

Entomostraca. Acta Zool. 27:155-267.) 

Caudal furca 

excretory organs are maxillary glands. The CNS consists of the 

brain and a long subesophageal ganglion from which nerves 

arise, and there is no ganglionated ventral nerve cord. A trans- 

verse carapace adductor muscle pulls the valves of the carapace 

together. The prehensile first antennae have well-developed 

muscles. 

Most ascothoracidans are gonochoric, although some are 

hermaphroditic. Sexual dimorphism is pronounced and fertil- 

ization is internal. The gonads are usually paired and extend 

into the carapace. Sperm are flagellated and primitive, and 

the male gonopore is on a penis on the first abdominal seg- 

ment. The female gonopore is on the coxa of the first thoracic 

appendage. Like other thecostracans they have nauplius and 

cypris (cyprid) larvae. The cypris (Fig. 19-79B) is a bivalved 

larva that resembles an ostracod (Fig. 19-85A). Ascothoraci- 

dan nauplii resemble cirripede nauplii but lack their frontal 

horns (Fig. 19-79A). Embryos and larvae are brooded under 

the mother’s carapace to the cypris stage. 

Ascothoracidans resemble cirripedes in their prehensile 
first antennae; large, fleshy carapace; female gonopore on tho- 

racic segment 1; absence of second antennae; and possession 

of a bivalve cypris larva. They differ in having a well-developed 

abdomen, lacking frontal horns in the nauplius, and having a 

parasitic, nonfiltering feeding mode. 

CIRRIPEDIAc 

Cirripedia includes the familiar benthic marine animals known 

as barnacles as well as some unfamiliar and bizarre parasites. 

These strange and derived creatures have many characteristics 

that set them apart from other crustaceans. They inhabit a 

rigid calcareous shell (carapace or mantle) that grows without 

molting (Fig. 19-78), many are hermaphroditic, and they are 

sessile. Barnacles have features in common with ostracods and, 

in fact, resemble an ostracod turned upside down and stuck 

firmly to the substratum by its head and back. Cirripedes 

include the only nonparasitic sessile crustaceans, and their 

anatomy and biology have undergone extensive modifications 

as a consequence of this unique lifestyle It is not at all obvious 

on casual examination that they are crustaceans. Although the 

adult appearance is aberrant, it begins life as an unmistakably 

crustacean nauplius larva (Fig. 19-79A). The nauplius molts to 

become a cypris larva (Fig. 19-79B) that looks something like 

the ostracod Cypris, for which it is named. The nonfeeding 

cypris is the settling stage. Like an ostracod, it has a large, 

bivalved carapace that encloses the entire body. Because of 

their soft bodies, sedentary habit, and calcareous shells, barna- 

cles were thought to be molluscs until 1830 when Vaughan 

Thompson made the association between the mollusc-like 

adult and the unmistakably crustacean nauplius and cypris lar- 

vae. Charles Darwin’s careful 1851 study of barnacles remains 

the foundation on which modern barnacle studies are based. 

As currendy conceived, Cirripedia includes the two nonpara- 

sitic thecostracan taxa Thoracica and Acrothoracica and the 

parasitic Rhizocephala. Acrothoracica is a small taxon of infau- 

nal barnacles that bore into calcareous substrata. Thoracica 

consists of epibenthic barnacles that live permanendy attached 

to the surface of rocks, shells, coral, timber, whales, crabs, tur- 

tles, ships, bottles, and other objects. Most barnacles are tho- 

racicans and this taxon includes the stalked goose barnacles 

(Fig. 19-80), the stalkless acorn barnacles (Fig. 19-78), and the 

stalkless wart barnacles. Rhizocephala consists of highly derived 

sac-shaped parasites (Fig. 19-83). 

Thoracica0 

FORM 

The thoracican cypris larva settles out of the plankton to the 

bottom and attaches to the substratum by means of cement 

glands located in the base of the first antennae. The larval 

carapace, which encloses the entire body, as it does in ostra- 

cods, persists and becomes an enveloping mantle (carapace) 

that encloses the adult barnacle. The mantle secretes thick 

calcareous plates that form a case to enclose and protect the 

barnacle. Since the cypris attaches by its head, the aperture 

(ventral opening) of the carapace is directed more or less 

upward and the trunk of the animal is upside down, with 

respect to the substratum, with its venter up (Fig. 19-78A). 
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FIGURE 19-78 Cirripedia: Acorn barnacles, Balanomorpha. A, Balanus, a sessile barnacle in sagittal section 
viewed from the right. B, Balanus showing number and position of shell plates in a diagrammatic view from 
the left side. C, Tetraclita, a large sessile barnacle, showing the circular calcareous wall and the projecting, 
movable opercular plates. (A, After Gruvelfrom Caiman; B, After Broch from Kaestner, A. 1970. Invertebrate Zoology. 
Vol. 3. Wiley-Interscience, New York.) 

The typical thoracican barnacle has a body consisting of a 

large head and a thorax, but no abdomen (Fig. 19-78A). The 

head bears the usual appendages except for the absent second 

antennae. The preoral region of the head, which is small in 

most crustaceans, is large and important in thoracican barna- 

cles because it is the region by which the animal attaches to 

the substratum. It contains the cement glands and bears the 

first antennae. Since the second antennae are absent, the only 

preoral appendages are the first antennae, which are vestigial 

in the adult. The mouthparts include the mandibles and two 

pairs of maxillae. The thorax bears six pairs of biramous tho- 

racic appendages known as cirri. These whiplike appendages 

have long, setose, multiarticulate rami used for filter feeding 

(Fig. 19-78A). Posteriorly, the thorax bears a long, highly 

extensible penis and the anus. 

The large fleshy, bilobed carapace extends laterally from 

either side of the head to arch ventrally around the body 

and completely enclose it. It is referred to as a mantle 

because of its resemblance to the similar structure of mol- 

luscs. As in the molluscs, the barnacle mantle encloses a 

water space known as the mantle cavity. The mouth, female 

gonopore, and anus open into the mantle cavity and the 

cirri lie in it. The mantle opens to the surrounding sea at 

the aperture (Fig. 19-78B). 
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Barnacle larvae. A, Nauplius of 

Balanus, with setae omitted. B, 

Free-swimming cypris larva of 

Balanus. (Both from Walley, L.J. 
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of Balanus balanoides. Phil. Trans. 

Roy. Soc. Bond. B 256:237-280.) 

The mantle epidermis secretes calcareous plates in its 

exoskeleton to enclose the barnacle in a stony box. The 

plates may vary, but many barnacles have a rostrum at the 

anterior end and a carina at the posterior end (Fig. 19-78B) 

of the wall. The aperture is covered by a door, or opercu- 

lum, made of two pairs of movable plates, the posterior 

terga and anterior scuta. A large scutal adductor muscle that 

runs transversely between the two scuta closes the aperture. 

Several scutal and tergal depressor and abductor muscles 

move the opercular plates laterally to open the aperture 

o 
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FIGURE 19-80 Cirripedia: Goose barnacles, Lepadomorpha. A, Lepas, a stalked barnacle, in sagittal section 

viewed from the left. B, A species of Lepas with extended cirri. The three major plates of a typical goose barnacle 

are visible in the individual on the right. The largest plate is the scutum. The tergum is a slender plate beside 

the apex of the scutum and the carina is another slender plate beside the base of the scutum. (A, After Broch from 

Kaestner, A. 1970. Invertebrate Zoology. Vol. 3. Wiley-Interscience, New York.) 
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(Fig. 19-78A). When the aperture is open, the cirri can be 

extended for feeding (Fig. 19-80B). 

When not encrusted with other sessile organisms, barnacles 

are usually white, pink, or purple. Goose barnacles, including 

the stalk, range from a few millimeters to 75 cm in length. The 

majority of acorn barnacles are a few centimeters in diameter, 

but some are considerably larger. Balanus psittacus from the 

west coast of South America reaches a height of 23 cm and a 

diameter of 8 cm and is a popular local seafood. The calcare- 

ous plates of barnacles fossilize readily and an extensive fossil 

record dates back to the Silurian. 

The orientation of barnacles is unusual and can be con- 

fusing. The barnacle is attached to the substratum by its 

head, so anterior is down, toward the substratum, whereas 

the posterior end extends up into the water. Within the 

mantle the body is bent dorsally so that the mantle aperture 

and cirri, which are really ventral, end up at the apex of the 

body, which is the end opposite the anterior attachment 

(Fig. 19-78A, 19-80A). External segmentation is indistinct. 

Except for the calcareous plates, the exoskeleton is soft and 

flexible. 

o 

DIVERSITY OF THORACICA 

The ancestral barnacle was probably a cyprislike, bivalved crus- 

tacean that attached to the substratum with its first antennae. 

From this ancestor evolved three distinct lines of thoracicans 

and one of acrothoracican barnacles. Stalked thoracicans 

belong to Lepadomorpha and include two main lines, Lepadi- 

dae and Scalpellidae. Stalkless thoracicans are Balanomorpha 

and Verrucomorpha. 

Most thoracicans are free-living, but there is a strong ten- 

dency toward symbiosis, either commensalism or parasitism, in 

thecostracans, and commensalism has evolved in all three evo- 

lutionary lines of thoracican barnacles. Commensalism tends 

to be accompanied by loss or reduction of the calcareous 

plates as the barnacle takes advantage of protection provided 

by the host. 

Lepadomorpha50 

Of the three types of thoracican barnacles, the stalked barna- 

cles (goose barnacles) are most primitive. The earliest known 

fossil barnacle is the stalked Cyprilepis, which was commensal 

on the appendages of sea scorpions (Eurypterida). It had a 

capitulum (the major part of the body, exclusive of the stalk; 

Fig. 19-80A) with a large, bivalved carapace, but there were 

not yet any calcareous plates in cuticle. To guard the aperture 

and protect the animal within, its descendants developed 

chitinous terga and scuta supported by a posterior dorsal 

plate, the carina. It is from this ancestor that the two principal 

lines of modern stalked barnacles, lepadids and scalpellids, 

are believed to have evolved. The stalkless barnacles (acorn 

and wart) evolved later from a scalpellid ancestor. 

The Recent stalked barnacles have a muscular, flexible 

peduncle (stalk) that attaches to the substratum at one end 

and bears the capitulum at the other (Fig. 19-80A). The 

capitulum is enclosed by a series of calcareous plates, 

including the posterior carina. The movable operculum, 

which protects the aperture, is composed of the paired scuta 

and terga. In some, the plates are reduced or lost and in 

others additional plates, including an anterior rostrum, may 

be present. 

The peduncle — the preoral end of the head—contains the 

vestiges of the larval first antennae and the cement glands. The 

capitulum contains all of the body except for the preoral region 

and thus includes the mouthparts, thoracic appendages, and 

carapace (mantle). 

LepadidaeF: Peduncle is naked (without calcareous plates); 

capitulum has only the five original, primary plates (one 

carina, two terga, and two scuta [Fig. 19-80]). Attach to 

floating objects, wood, coconuts, bottles, tar balls, and ships 

or are epizoic commensals. Includes the common, widely 

distributed Lepas species. Commensals include Conchoderma 

(on whales and turtles) and Alepas (on jellyfish). A related 

family of small, stalked barnacles (Poecilasmatidae) includes 

many common commensals (Fig. 19-81 A) such as Octolasmis 

muelleri, which lives on the gills of lobsters and crabs and 

takes advantage of the safety and flow of water in the 

branchial chamber of the host. 

Sea I pel I idaeF: Benthic, mostly deep water. Some, such as the 

common, eastern Pacific Pollicipes polymerus, live intertidally 

in dense aggregations on rocky coasts. Peduncle is covered 

with calcareous plates or scales, which generally increase in 

size toward the capitulum. One taxon is adapted for boring 

into coralline rock (Fig. 19-81C). 

Balanomorphas° 

The stalkless barnacles (balanomorphs and verrucomorphs) 

are thought to have arisen in the Jurassic from a scalpellid 

ancestor through the shortening and eventual disappearance 

of the peduncle. 

The acorn barnacles (Balanomorpha; Fig. 19-78) are at- 

tached directly to the substratum without a stalk. The attached 

undersurface of the barnacle, the basis, may be either 

membranous or calcareous, and it is cemented firmly to the 

substratum. The basis is the preoral region of the barnacle 

and includes the first antennae and cement glands. It is 

homologous to the peduncle of the goose barnacles. A verti- 

cal, circular wall of stationary calcareous mural plates com- 

pletely rings the animal (Fig. 19-78B,C). The plates composing 

the wall overlap one another and may be held together by liv- 

ing tissue only or by interlocking teeth, or they may be fused 

to some extent. They are anchored to the basis by muscle 

fibers. The aperture is covered by the operculum composed of 

the paired scuta and terga. 

The large attachment surface (the basis) and the low, thick, 

circular wall adapt these barnacles for life on current-swept 

and wave-pounded intertidal rocks. The vertical wall of mural 

plates (Fig. 19-78B) so characteristic of acorn barnacles is 

believed to have evolved from some of the larger plates cover- 

ing the base of the capitulum of scalpellid ancestors. 

Although there are some deepwater balanomorphs, the 

taxon is most common in the intertidal or high subtidal, with 

species typically restricted to particular tidal zones. Intertidal 

barnacles are among the very few marine animals that can 

tolerate the stressful conditions (desiccation, temperature 

extremes, intense wave turbulence, and reduced feeding 

time) of rocky intertidal habitats. In the intertidal zone they 

may have little competition from other marine animals and 
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FIGURE 19-81 Cirripedia. A, A species of Poecilasma on a sea urchin spine. The members of this family of 
stalked barnacles (Poecilasmatidae) are related to the lepadids but attach to bottom objects, including sea 
urchins and crustaceans. Octolasmis, which is found on crab gills, is also a member of this family. B, Chelonibia on 
the carapace of a blue crab. C, Lithotrya, a scalpellid barnacle that bores into coralline rock. D, Slitlike openings 
of the burrows of the boring acrothoracican barnacle Kochlorine, in an old clam shell. The dumbbell-shaped 
openings are the burrows of a boring clam. 

often occur in enormous densities. Interspecific competition 

with other barnacles, however, results in predictable vertical 

zonation patterns, with each species being favored at a char- 

acteristic tide level. A few barnacles are adapted for life in 

the spray zone at the high-tide mark on wave-splashed rocks. 

Barnacles are less common on tropical rocky shores, perhaps 

because of the prolonged high temperatures that must be 

tolerated at the upper intertidal levels. 

Many acorn barnacles have become adapted for life on 

surfaces other than rock. A number of species have colo- 

nized intertidal grasses and mangroves. Many are commensal 

with a wide range of hosts, including sponges, hydrozoans, 

alcyonarians, scleractinian corals, crabs (Fig. 19-81B), horse- 

shoe crabs, sea snakes, sea turtles, manatees, porpoises, and 

whales. 

From an economic standpoint, barnacles are among the 

most detrimental fouling organisms on ship Hulls, buoys, and 

pilings. The speed and fuel efficiency of a barnacle-fouled 

ship may be reduced by 30%, and much effort and money 

have been expended to develop special paints and other 

antifouling measures. Many species have been transported 

worldwide by global shipping. 

Verrueomorphas0 

A third taxon of thoracican barnacles (wart barnacles) con- 

tains only about 30 species found chiefly in the deep sea. 

These stalkless barnacles resemble acorn barnacles but are 

asymmetrical. The operculum consists of only one tergum and 

one scutum, with the other tergum and scutum being incorpo- 

rated into the wall. 

iNTERNAL FORM AND FUNCTION 

Cirripedes are suspension feeders that sweep their cirriform 

thoracic appendages through the water to capture food. To 

paraphrase Louis Agassiz, “a barnacle is a shrimp that stands on 

its head and kicks food into its mouth.” When feeding, the 

paired scuta and terga open and the cirri unroll and extend 

through the aperture (Fig. 19-80B). When extended, the long 

posterior cirri on each side form one side of a basket. The two 

sides of the basket sweep downward and toward each other, with 

each acting as a cast net. The action is similar to the opening 

and closing of your two fists simultaneously when the bases of 

your palms are placed together. On the closing stroke, sus- 

pended food particles are trapped by the setae and transferred 
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to the mouthparts by the anteriormost one to three pairs of 

short cirri. Some barnacles that inhabit currents, such as Pol- 

licipes polymerus, extend the cirri and hold them stationary to 

hi ter the current as it passes through. The well-developed 

mandibles and maxillae are used to macerate food. The size of 

the plankton consumed varies. Some predatory species of Lepas, 

Pollicipes, and Tetraclita capture copepods, isopods, amphipods, 

and other animals. Barnacles such as Balanus improvisus and B. 

balanoides feed on both large and small plankton. 

Food is masticated by the mandibles and maxillae and 

passes into a foregut consisting of a pharynx and esophagus 

(Fig. 19-78A). A cuticular plate in the pharyngeal wall pro- 

vides a surface against which the mandible grinds food. The 

midgut (stomach) connects with nine digestive ceca, two of 

which are glandular and secrete digestive enzymes for use in 

the midgut whereas the other seven are absorptive. Fecal pel- 

lets are formed by the hindgut. 

A heart and pericardial sinus are absent, but blood never- 

theless circulates along a defined and relatively uniform path- 

way. Blood collects in a large rostral sinus in the head (Fig. 

19-78A) and then flows to the anterior/dorsal attachment 

regioa (including the peduncle of goose barnacles), then to 

the mantle, the body, and back to the rostral sinus. The blood 

probably is propelled by movements of the body and cirri, but 

there is some evidence that the rostral sinus is contractile and 

may serve as a heart. 

The mantle and cirri are probably the principal sites of 

gas exchange, but in the acorn barnacles there are also folds 

of the inner mantle surface that function as gills. When 

exposed by the ebbing tide, intertidal acorn barnacles fill 

their mantle cavity with air. A small pneumostome is held 

open between the opercular plates to allow diffusion of gases 

into and out of the mantle cavity. If desiccation becomes 

severe, the pneumostome is closed and the barnacle shifts to 

anaerobic respiration. 

The excretory organs are maxillary glands whose primary 

role is in ion balance and fluid volume regulation. They may 

also excrete environmental toxins such as heavy metal ions. 

Nephrocytes are also present. The brain lies between the esoph- 

agus and the adductor muscle and is linked by circum- 

esophageal connectives to the subesophageal ganglion, which in 

acorn barnacles is coalesced with the thoracic ganglia. In the 

goose barnacles, there are four or five pairs of free thoracic gan- 

glia on a ventral nerve cord. The typical maxillopodan naupliar 

eye divides during metamorphosis into its three component 

ocelli so that the adult has two lateral and one median ocelli. 

Compound eyes present in late naupliar instars and the cypris 

are lost in the adult. Small sensory setae associated with the aper- 

ture monitor external conditions when the aperture is closed. 

REPRODUCTION AND DEVELOPMENT 

Most thoracican barnacles are hermaphroditic and are 

the only higher taxon of crustaceans to be so. Fertilization is 

external in the mantle cavity. Barnacles usually engage in cross- 

fertilization. Cross-fertilization is problematic for sessile ani- 

mals because their immobility makes searching for mates 

difficult. Many sessile animals solve the problem by broadcast- 

ing gametes into the sea, but this is inefficient and wasteful of 

gametes. The thoracican barnacles live in crowded populations 

with an abundance of close neighbors, any of which can serve 

as either male or female. Each barnacle has a highly extensible 

penis that can wander in search of a mate, even if its owner 

cannot (Fig. 19-82A). 

The ovaries are preoral (Fig. 19-78A, 19-80A) and the 

paired oviducts open into the anterior mantle cavity. The 

oviducts include a glandular region known as the oviductal 

gland that secretes a thin, elastic ovisac at the time of egg 

deposition. As the ovisac receives eggs, it swells and stret- 

ches, eventually filling the mantle cavity. The testes are 

located in the head region and connect via two long sperm 

ducts with the long, posterior penis (Fig. 19-78A). The 

extensible penis can protrude from the aperture for dis- 

tances many times its resting length (Fig. 19-82A). The penis 

visits the mantle cavity of a neighbor and deposits a mass of 

sperm near the female gonopore. The spermatozoa pene- 

trate the ovisac and fertilize the eggs within. Functional males 

can recognize functional females, and any given barnacle may 

be inseminated by more than one partner. Weak ascorbic 

acid appears to be the stimulus that elicits penis extension. 

Sperm are flagellated and cleavage is total and reported to be 

spiral. 

In several lines of otherwise hermaphroditic thoracicans, 

complemental males occasionally appear in the population. It is 

not known if the appearance of males in hermaphroditic 

species is environmentally induced or if it has a genetic basis. 

These small males are attached to a full-size hermaphroditic 

individual of the same species, and show varying degrees of 

degeneration. In some species the complemental males are mor- 

phologically similar to their hermaphroditic counterparts, but 

are miniature. At the other extreme, some have lost the mouth- 

parts and cirri, are incapable of feeding, and are parasitic in 

the mantle cavity of the hermaphroditic conspecific. There 

is some evidence that the fate of a cypris depends on where 

it happens to settle. Those that setde on a conspecific become 

complemental males, whereas those settling on any other sub- 

strate develop into normal-size hermaphrodites. Complemental 

males differ from dwarf males in that the former occur in her- 

maphroditic populations whereas dwarf males are found in 

gonochoric species, where females, but not hermaphrodites, are 

also present. 

In all barnacles, the eggs are brooded in the ovisac in the 

mantle cavity. The ovisac gradually deteriorates during the 

incubation period, so the larvae are not encumbered by it after 

they hatch. The nauplius is the hatching stage in most species 

and can be easily recognized as a cirripede by the triangular, 

shield-shaped carapace (Fig. 19-79A) with a pair of characteris- 

tic, secretory frontal horns. The function of the horn secre- 

tions is unknown. 

The nauplius leaves the mantle cavity and enters the plank- 

ton to feed. Six naupliar instars are passed in the plankton 

and succeeded by a nonfeeding cypris larva (Fig. 19-79B). The 

entire body of the cypris is enclosed within a bivalve carapace 

and has a naupliar eye, a pair of sessile compound eyes, and 

six pairs of thoracic appendages. The cypris is the settling 

stage. It uses the chemoreceptive first antennae to locate a 

suitable substratum and attaches, at first temporarily with the 

secretions of discs located on the first antennae, and then per- 

manently with adhesive secreted by the antennal cement 

glands. 
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FIGURE 19-82 Cirripedia: 
Reproduction. A, Copulating 
balanomorph barnacles. Functioning as 
a male, the individual on the left has 
extended its long, tubular penis into the 
mantle cavity of the individual on the 
right, which is functioning as a female. 
B, The dwarf male of the lepadomorph 
Scalpellum, with shell plates still present. 
C, The dwarf male of the lepadomorph 
Ibla. D, The highly modified dwarf male 
of the acrothoracican Trypetesa. 
(A, Based on a photograph by Robert Sisson; 

B, After Gruuel from Caiman; C, After 

Newman; D, After Bemak from Caiman.) Testis 

Vestigial mantle cavity 
forming penis canal 

1st antennae 

Retracted 
penis 

Seminal 
vesicle 

A number of factors appear to increase the likelihood of 

dense settling, on which future reproduction depends. Simulta- 

neous release of the nauplii by aggregations of individuals has 

been observed in some species. A protein in the exoskeleton of 

older attached individuals has been shown to attract settling lar- 

vae. Light intensity, substratum texture, position, depth, and 

bacterial biofilms may also be important. Attachment often 

does not occur at the first surface contacted by the cypris, and it 

can delay settling until a suitable substratum is found. 

Following attachment, the cypris metamorphoses into the 

adult shape. The cirri elongate, the body undergoes flexion, 

larval tissues are destroyed and absorbed, and the first five or 

six calcareous plates (two scuta, two terga, and a carina, plus a 

rostrum in some) appear on the new exoskeleton lying 

beneath the old valves of the cypris. 

Newly settled barnacles, referred to as spat, molt frequently. 

Mortality in barnacle spat is very high and often only about 5% 

survive the first month. Much of the loss is due to intraspecific 

competition that becomes more intense as the spat grow. Some 

is also due to interspecific competition with other barnacle 

species. Balanus balanoides and Chthamalus stellatus, for exam- 

ple, both inhabit rocky coasts and must partition the habitat. 

Chthamalus, which is more tolerant of desiccation, is favored in 

the intertidal zone and Balanus, which physically interferes 

with Chthamalus, has the advantage in the high subticlal. 

Most barnacles that survive the heavy mortality rate imme- 

diately following settling probably live from 1 to 10 years. 

Longevity and growth rates are greatly influenced by environ- 

mental conditions, however. Smothering by other individuals 

and other sessile organisms is a common cause of death. 

GROWTH 

The calcareous mural and opercular plates of the thoracican 

shell are secreted by the underlying mantle epidermis. The 

basis, also secreted by the epidermis, is cemented to the sub- 
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stratum and lies under the rest of the barnacle. The mural 

plates (side plates) are connected to the basis by fine mus- 

cles that hold them and the basis in close, but movable, 

contact. 

Growth and ecdysis are linked in barnacles, as they are in 

other arthropods, and the sizes of the soft parts of the body 

increase only with ecdysis. The cuticle, or exoskeleton, that 

covers the soft parts is molted periodically. Growth of the 

shell, in contrast, is more or less continuous and independent 

of body growth and ecdysis. The calcareous plates, which are 

secreted by the mantle epidermis, are not shed at ecdysis, a sit- 

uation unique among arthropods. 

The thickness of the mural plates is increased by the simple 

secretion of new shell material by the epidermis adjacent to 

the inner surface of the plate.,Increasing the height of the 

plate is accomplished by simultaneously adding new shell to 

the periphery of the basis, so it increases in diameter, and to 

the lower margins of the mural plates, so they increase in 

length. One consequence of this growth is that the barnacle 

can insinuate the lower, growing edge of its shell under other 

sessile objects attached to the same surface. In the high subti- 

dal, Balanus balanoides undergrows Chthamalus stellatus in this 

manner and literally pops it off the rock, thereby excluding 

Chthamalus from the zone. 

Rhizocephalac 

Rhizocephalans are internal parasites of other crustaceans. Most 

of the 260 known species are parasitic on decapods (Fig. 19-83), 

but a few are found on other crustaceans. Rhizocephalans are so 

highly specialized that almost all traces of arthropod structure 

have disappeared in the adult, although life begins with typical 

cirripede nauplius and cypris larvae. The soft, adult body is an 

amorphous sac and the mantle is not calcified. There is no sign 

of segmentation or appendages and almost all internal organs 

are lost. The position of Rhizocephala with respect to Cirripedia 

has been disputed, but morphological (similar nauplius and 

cypris larvae) and 18S rDNA nucleotide sequences support a sis- 

ter relationship with Thoracica. Unlike thoracicans, however, 

rhizocephalans have no gut, no segmentation, no appendages 

and no calcareous plates, and are gonochoric. 

Rhizocephalans are parasites that transform the host mor- 

phologically, behaviorally, and physiologically so that it (the 

host) becomes wholly dedicated to the service of the parasite. 

The molting cycle of the host is suppressed, the host is steril- 

ized and no longer reproduces, and in some cases male crabs 

are feminized and develop, to the benefit of the parasite, 

the broad abdomen characteristic of brachyuran females. 

The brood pouch of the parasite occupies the space between 

the abdomen and the cephalothorax, which is where the 

crab’s own egg mass would normally be. A feminized male 

crab is better able to carry and protect the parasite than would 

be a normal male with a narrow abdomen. 

Rhizocephala consists of two taxa, Kentrogonida and 

Akentrogonida, the former having a kentrogon larva. Ken- 

trogonidans are parasites exclusively of decapods, but aken- 

trogonidans are found on stomatopods, cumaceans, isopods, 

and cirripedes, as well as decapods. In Kentrogonida the life 

cycle begins with male and female nauplius larvae that molt 

to become cyprids. The female cypris settles on a host and 

metamorphoses into a kentrogon larva. The kentrogon meta- 

morphoses into the elongate vermigon stage, which is 

injected through the host’s cuticle and develops into an 

extensive, branched, rootlike interna, with a mantle, mantle 

cavity, and ovary, that absorbs nutriment from the host as it 

grows. Upon maturing, the interna mantle erupts through 

the cuticle of the host’s abdomen and develops into an 

externa outside the abdomen. The externa is the mantle and 

brood sac of a virgin female parasite. After molting once, the 

externa is attractive to male cypris larvae. A male cypris molts 

to become a dwarf male (trichogon larva), which develops 

into a testis parasitic on the female externa. The female 

ovary and the testis produce gametes, fertilization occurs, 

and the externa fills with fertilized eggs. The externa grows 

to become a large, amorphous, egg-filled sac under the 

crab’s abdomen. The host crab, whether female or feminized 

male, tends this sac as if it were its own egg mass. The eggs 

are brooded in the externa and released as male and female 

nauplii to begin the life cycle anew (Fig. 19-93). In Akentro- 

gonida there is no kentrogon and the first antennae of the 

female cypris penetrate the host’s integument and inject 

infective cells into the hemocoel. 

Acrothoracica0 

The 40 known species of acrothoracicans are the smallest cirri- 

pedes, usually only a few millimeters in length. They bore into 

calcareous substrates such as coral, mollusc shells, other bar- 

nacles, bryozoans, and limestone using chitinous teeth on the 

mantle as well as chemical dissolution. The burrow openings 

are tiny, distinctive slits in the surface of the rock (Fig. 

19-81D). The chitinous teeth are renewed with each molt. 

Unlike thoracicans, but like rhizocephalans, acrothoracicans 

are gonochoric and sexually dimorphic. Males are aberrant 

dwarfs that will be described separately. The following descrip- 

tion refers to females (Fig. 19-84). 

As burrowers, these barnacles are protected by the sur- 

rounding rock and have no calcareous plates of their own. 

The body is enclosed in a large, saclike, uncalcified mantle 

(carapace) that attaches dorsally to the walls of the burrow. 

The mantle, which is strengthened by chitinous lateral bars, 

opens anteriorly through a small aperture that can be closed 

by an operculum formed of the mantle’s thickened lateral 

lips. 

The head bears the mandibles and two pairs of maxillae. 

The thorax has up to six pairs of cirriform appendages simi- 

lar to those of other cirripedes. Most of the cirri are long, 

setose, usually biramous terminal cirri located at the poste- 

rior end of the thorax (Fig. 19-84). A smaller pair of mouth 

cirri (maxillipeds) is situated at the anterior end of the tho- 

rax, beside the mouth. A sizable gap separates the mouth 

cirri and the terminal cirri. There is no abdomen, but in 

some taxa there is a pair of caudal appendages thought to 

be its vestiges. 

When feeding, the terminal cirri are extended through the 

slitlike opening of the burrow or used inside the burrow to 

sweep through the water and capture small food particles. The 

cirri are held open like a fan and sometimes rotated several 
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FIGURE 19-83 Cirripedia: Rhizocephala. The life cycle of Loxothylacus 
panopaei, a parasite of the mud crab, Rhithropanopeus harrisii. Larval 
migrations are indicated by dashed arrows and developmental changes by 
solid arrows. A, An adult externa under the abdomen of the host. 
B, Female and male nauplii are released from the externa and, in the 
plankton, molt to become cyprids. C, The male cypris settles at the 
external aperture of a virgin female externa (I and I-,) and molts to 
become a dwarf male. D and Dv The female cypris settles on a giil lamella 
of a new host crab. E, A kentrogon develops from the female cypris. F, The 
kentrogon stylet pierces the host cuticle and injects a wormlike vermigon 
into the hemocoel of the gill lamella. F1# Longitudinal section of the 
vermigon. The vermigon epidermal cells are not labeled. G, Development 
of an interna from the vermigon about 10 days after injection. G1, 

Longitudinal section of the young interna showing the primordial mantle 
cavity over the developing ovary. H, First appearance of the virgin externa 

under the cuticle of the host's abdomen about 30 days after injection. H1f 

Section through the host abdomen immediately prior to eruption of the 
externa through the host cuticle. I, The externa has erupted through the 
host cuticle. Iv Section of the newly emerged virgin externa showing 
the now open mantle cavity enclosing the ovary. A male cypris is shown 
entering the mantle cavity. A dwarf male (trichogon) will develop within 
the cypris, enter the female mantle cavity, and insert itself into a 
receptacle of the externa, where it will develop into a functioning testis. 
J, The externa enlarges as it fills with fertilized eggs, ac and be, cells 
of primordial ovary; amc, primordial mantle cavity; cc, cyprid carapace; 
ecc, central core cells; cch, host cuticle; ex, externa; heu, hemocoel; 
ken, kentrogon; ov, ovary; rl, rootlet; st, stylet; vg, vermigon. (From Glenner, 
H. 2001. Cypris metamorphosis, injection and earliest internal development of 
the rhizocephalan Loxothylacus panopaei (Gissler). Crustacea: Cirripedia: 
Rhizocephala: Sacculinidae. J. Morphol. 249:43-75. Reprinted with permission.) 

times before being retracted into the mantle cavity. Pumping 

movements of the body and mantle create a water current into 

the mantle from which food particles may be removed. The 

mouth cirri then transfer the particles from the terminal cirri 

to the mouth. The foregut consists of a pharynx and long 

esophagus, and sometimes a grinding region, or gizzard (Fig. 

19-84). The large midgut may have small digestive ceca. A 

hinclgut and anus may be present. The anus, if present, is at 

the posterior end of the thorax, lying between the two caudal 

appendages. 

Excretion is accomplished by pair of maxillary glands and 

nephrocytes. Because there is no heart, blood is circulated 

through the hemocoel by movements of the body. Specialized 

respiratory organs are absent and gas exchange occurs across the 

body and mantle surfaces. The nervous system is reduced and 

consists of a brain and one or two ventral ganglia (Fig. 19-84). 

The oviducts of the dorsal ovaries open into the mantle cavity. 

Dwarf males (Fig. 19-82D) are even smaller than the cypris 

larva; have no mantle, gut, mouthparts, or cirri; and do not 

feed. They are reduced to the essential male features: a large 
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FIGURE 19-84 Cirripedia: Acrothoracica. A female burrowing barnacle, Kochlorine floridana, with an 
attached dwarf male. Viewed from the left side. The female is about 2 mm in length. (From Wells, H. W., and 

Tomlinson, J. T. 1966. A new burrowing barnacle from the Western Atlantic. Quarterly Journal of the Florida Academy of 

Sciences 29:27-37. Used with permission of the Florida Scientist and the Florida Academy of Sciences.) 

testis and a penis. The sperm are flagellated. Males, often 

many of them, attach by their first antennae to the mantle of 

the female (Fig. 19-82D, 19-84), but it is not known how or 

where fertilization occurs. Fertilized eggs are brooded in the 

mantle cavity and cleavage is thought to be spiral and determi- 

nate. The eggs hatch as nauplii that are retained in the atrium 

until they reach the cypris stage, when they are released. The 

nauplii have frontal horns and do not feed. The settling stage 

is the cypris, which finds a suitable substratum and attaches to 

it with the first antennae. The female cypris metamorphoses 

into the adult and excavates a burrow, whereas the male 

attaches to a female, metamorphoses into an adult, and then 

subsists, without feeding, on its yolk reserves. 

Acrothoracica consists of three families: Cryptophialidae 

(Cryptophiatus), Lithoglyptidae (Kochlorine, Lithoglyptes, Weltne- 

ria), and Trypetesidae (Trypetesa). 

OSTRACODAc 

Ostracods, or seed shrimps, are tiny microcrustaceans found in 

most aquatic habitats, both freshwater and marine. Ostracods 

(Fig. 19-85) are completely enclosed in a bivalve carapace and 

resemble seeds or minuscule clams. Although some, such as 

the neutrally buoyant Gigantocypris, are planktonic, most live on 

or near the bottom, where they swim intermittently or crawl 

over or plow through the upper layer of mud and detritus from 

the shoreline to great depths. In fresh water they occur in 

lakes, ponds, and hot springs. They may be suspension feeders, 

carnivores, detritivores, or herbivores. There are burrowing 

and interstitial species and species that live on algae, water 

plants, or other submerged objects. Some are commensal with 

other animals, living, for example, among the leg setae of cray- 

fishes or with polychaetes or echinoderms. Sphaeromicola is 

commensal with subterranean isopods and Entocythere lives on 

the gills of crayfishes. Elpidium lives in the leaf axils of epiphytic 

bromeliads. Most species are about 1 mm in size, but Micro- 

cythere minuta is only .25 mm, whereas Gigantocypris reaches 

25 mm. About 6000 living species have been described, making 

it one of the largest crustacean taxa. The calcified, shell-like 

carapace is the source of the name “ostracod,” which is derived 

from the Greek word ostrakon (= shell). 

The ostracod fossil record, the most extensive of any crus- 

tacean taxon, is continuous from the Cambrian period. The 

heavily calcified carapace and small size undoubtedly have 

been important factors promoting fossilization. The 10,000 

fossil ostracods are known almost exclusively from the valves, 

so the classification of fossil forms is based entirely on valve 
morphology. 
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FIGURE 19-85 Ostracoda. A, A myodocopid ostracod with antennal notches in the valves (lateral view). B, 
Lateral view of the sculptured valve of Agrenocythere spinosa, a benthic marine ostracod. C, A female marine 
myodocopid ostracod, Skogsbergia, with the left valve and left appendages removed (lateral view). This marine 
scavenging carnivore is able to swim over the bottom. D, Candona suburbana, a very common freshwater 
podocopid ostracod, with the left valve removed. This nonswimming bottom dweller feeds on algae and 
decomposing vegetation. Zenker's organ, which is part of the male reproductive system, ejects sperm to the 
penis. E, Lateral view of an ostracod nauplius larva. Only one member of each of the three pairs of appendages is 
shown. (C, After Claus from Caiman; C andD, From Cohen, A. C. 1982. Ostacoda. In Parker, P. (Ed.): Synopsis and 
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Form 
Most of the ostracod body is head, and the trunk is very much 

reduced in size (Fig. 19-85C). The body is saclike and without 

segmental divisions. The most conspicuous feature of ostracod 

anatomy is the calcified, shell-like, bivalved carapace that com- 

pletely encloses the animal (Fig. 19-85A). It consists of two lat- 

eral valves held together dorsally by a well-developed hinge 

and a large adductor muscle. The hinge is a longitudinal, mid- 

dorsal strip of flexible, uncalcified cuticle that in some species 

may have teeth. Although the valves of benthic species are 

heavily calcified, this is not the case with planktonic ostracods, 

in which the extra weight would be unacceptable. The valves 

of many species are sculptured or ornamented with pits, tuber- 

cles, or setae (Fig. 19-85B). The gonads extend into the cara- 

pace. Pore canals from the epidermis penetrate the cuticle of 

the carapace to provide the sensilla with access to the environ- 

ment. In some species each valve bears an anterior antennal 

notch that permits extension of the natatory and sensory 

antennae (Fig. 19-85C). 

The head and head appendages are well developed (Fig. 

19-85C,D). The uniramous first antennae are chiefly sensory, 

but can be used for swimming or digging. The biramous 

second antennae are usually natatory. In some ostracods the 

second antennae bear the spinnerets of large cephalic silk 

glands that secrete fine threads used as draglines or to con- 

struct a retreat in which ecdysis occurs. The mandibles are 

equipped with teeth and setae variously adapted for mastica- 

tion, crawling, and digging. The first maxillae may participate 
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in trituration and in generating a respiratory and feeding cur- 

rent, but the second maxillae are most important in this role. 

They may also be used for walking. 

The trunk is the shortest of any crustacean and consists of 

a maximum of two segments with two pairs of thoracopods, 

which may be modified for swimming, walking, feeding, clasp- 

ing, or grooming (Fig. 19-85C,D). It has lost all external indi- 

cations of segmentation. The first thoracopods are the chief 

walking legs of many benthic ostracods. They may also assist in 

generating the feeding-respiratory current. Sometimes they 

are absent. The second thoracopods may be walking legs or 

modified for grooming. A pair of “brush-shaped organs” occur 

in some male ostracods and are thought to be the vestiges of 

a third pair of trunk appendages. 

The abdomen is vestigial ajid the anus is located at the 

posterior end of the trunk. The rami of the caudal furca, 

which extend posteriorly from the trunk, are considered by 

some authors to be an additional pair of appendages. The 

posterior trunk and furca are reflexed anteriorly and 

held under the body (Fig. 19-85C), much as they are in 

cladocerans. 

<9 

Diversity of Ostracoda 
Myodocopa0: Exclusively marine; benthic and planktonic. 

Valves have anterior antennal notch to accommodate the 

natatory antennae (Fig. 19-85A,C). Ventral valve margins 

are convex. Second antennae have well-developed nata- 

tory exopods and reduced endopods. Two pairs of trunk 

appendages. Cypridina, Gigantocypris, Halocypris, Polycope, 

Skogsbergia, Vargula. 

Podocopa0: Marine or fresh water, benthic. No antennal 

notch. Ventral valve margin is straight or concave (Fig. 

19-85D). Two pairs of antennae with well-developed endo- 

pods and reduced exopods. Mandibles and first maxillae lack 

filtering setae. Second maxillae are sometimes leglike. One or 

two pairs of trunk appendages. All freshwater ostracods are 

podocopans. Intertidal, commensal, even a few terrestrial 

species. Candona, Cypris, Cythereis, Elpidium, Entocythere, Meso- 

cypris, Microcythere, Sphaeromicola. 

Platycopa0: Closely related to Podocopa. Exclusively marine, 

benthic. Mandibles and first maxillae have filtering setae. Sec- 

ond antennae have well-developed endopods and exopods. 

First pair of trunk appendages are not leglike. Cytherella the 

only Recent genus. 

Palaeocopa0: Mostly fossil ostracods, but includes a few 

Recent species known only from empty valves. 

Locomotion 
The second antennae are the chief locomotory organs and are 

used for both swimming and walking. Sometimes the first 

antennae assist in this role. Benthic species walk on the tips of 

the antennae and first trunk appendages. Kicking by extend- 

ing the reflexed trunk thrusts the caudal furca posteriorly and 

propels the animal forward. Terrestrial species of Mesocypris in 

South Africa and New Zealand use the furca to push their way 

through humus on the forest floor. Those with silk glands 

(Cytheridae) use draglines to climb. There is an elaborate and 

structurally important endoskeleton. 

Nutrition 
Ostracods exhibit a diversity of feeding modes. Most are sus- 

pension feeders, but some are carnivores, herbivores, or scav- 

engers. Some consume leaves that have fallen in the water of 

forest streams and many feed on carrion. Ostracods may also 

be either selective or nonselective deposit feeders. The suspen- 

sion feeders use various appendages to generate a current 

through a setal filter. Algae are a common food of herbivores, 

and the prey of carnivorous species includes other crustaceans, 

small snails, and annelids. The large, predaceous Gigantocypris 

is reported to capture other crustaceans and even small fish 

with its antennae. Detritus particles, often stirred up from the 

bottom by the antennae or mandibles, are also a common 

source of food. In some, the mandibles form a stylet used for 

piercing the prey and sucking out its contents. The gut is rela- 

tively simple and usually does not have a gastric mill, but diges- 

tive ceca typically are present. 

Internal Form and Function 
As they are small animals, most ostracods do not have special 

respiratory structures and instead exchange gases across the 

carapace and general body surface. The swimming and feed- 

ing currents ventilate the surfaces of the carapace, limbs, and 

body to facilitate gas exchange. 

Small size also reduces the importance of a hemal system for 

internal transport, and most ostracods do not have a heart. 

There is, however, a hemocoel partitioned into pericardial and 

perivisceral sinuses by a muscular septum, the contractions of 

which circulate the blood. The marine myodocopid ostracods 

are exceptional and do have a well-developed heart. The excre- 

tory organs are antennal glands or maxillary glands. Some ostra- 

cods are among the few crustaceans that have both as adults. 

The nervous system is compact, as might be expected in a 

short animal with few segments or appendages. The ventral 

posterior part of the nerve ring is a subesophageal ganglion 

consisting of the ganglia of the mouthparts. The two pairs of 

trunk appendages are innervated from a second ganglion 

slightly posterior to the subesophageal ganglion. A naupliar 

eye with three ocelli is present in most ostracods, but com- 

pound eyes appear in only some of the Myodocopa (Fig. 19- 

85C). Deep-sea and subterranean species lack eyes. The nau- 

pliar ocelli are inverse pigment cups with a tapetum. The most 

important sense organs are probably sensory setae on the 

appendages and valves. 

Reproduction and Development 
Ostracods are gonochoric and fertilization is internal and 

direct. Some freshwater species are parthenogenetic. The 

external genitalia and gonopores of both sexes are located 

ventrally between the last pair of appendages and the caudal 

furca, at the posterior end of the trunk. The male gonopores 

are on a pair of sclerotized penes that extend ventrally just 

anterior to the caudal furca (Fig. 19-85D). In some, a part of 

the vas deferens is modified as a peristaltic sperm pump 

known as Zenker’s organ (Fig. 19-85D). The sperm are flagel- 

lated and motile, and in some cyprids they are astonishingly 

large, the largest in the animal kingdom. Some cyprids less 

than 1 mm in length have sperm 10 mm long, but it is possible 

they are not functional. 
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During copulation in some ostracods, the male clasps the 

female dorsally and posteriorly with his second antennae or 

first thoracopods and inserts the penes between the valves of 

the female and into her gonopores. In most ostracods the eggs 

are shed freely in the water or are attached singly or in clusters 

to vegetation and other objects on the bottom. In some 

species the eggs are brooded in the dorsal part of the carapace 

cavity. Some species, especially those in temporary fresh water, 

produce desiccation-resistant eggs. 

The eggs hatch as nauplii with some of the morphology 

and behavior patterns of the adult (Fig. 19-85E), including a 

bivalve carapace. The carapace is an extension of the posterior 

edge of the head, which, in a nauplius, is the second antennal 

segment rather than the second maxilla and thus is not 

homologous to the carapace of other crustaceans. The cara- 

pace exoskeleton is lost and replaced at each molt. Molting 

ceases at adulthood. 

Some marine ostracods, such as Cypridina, use biolumines- 

cence as a sexual signaling mechanism, much as fireflies do, 

and ostracods were the first crustaceans in which biolumines- 

cence was observed. The small flashes of bluish light produced 

externally by the secretions of a gland in the labrum are often 

patterned as a sequence of distinct flashes lasting 1 or 2 s. Bac- 

teria apparently are not involved in ostracod bioluminescence. 

On a reef, male Vargula may synchronize their flashes, produc- 

ing a spectacular display. 

BRANCHIURAc 

Branchiurans, or fish lice, are intermittent ectoparasites on 

freshwater and marine fishes and occasionally tadpoles. The 

taxon includes a single family with approximately 200 

species of flattened crustaceans that feed on fish blood and 

mucus and range in size between 5 and 30 mm, with most 

being 3 to 5 mm. Argulus, with over 100 species, is the 

largest genus. 

The head has the usual five segments, but their appendages 

are modified for parasitism (Fig. 19-86). Both pairs of anten- 

nae are minute, and the first pair has a claw for attaching to 

the host. The mouth is surrounded by a tubular proboscis 

containing the mandibles and openings of the labial ducts 

that release digestive enzymes. The bladelike mandibles are 

toothed. In Argulus and Chonopeltis, the first maxillae form 

a pair of large suckers that assist in attaching to the host. In 

the genus Argidus there is a hollow, needlelike preoral spine, 

or stylet, between the first maxillae. The spine is connected to 

a pair of large poison glands and is used to inject a toxic sub- 

stance of unknown function into the host. Dolops lacks both 

suckers and spine, and Chonopeltis has only suckers. The sec- 

ond maxillae are used for grooming. Sessile but movable com- 

pound eyes and a naupliar eye are located on the head. 

A large, bilobecl, strongly depressed, shieldlike carapace that 

extends posteriorly from the head covers most of the thorax. 

Branchiurans were once thought to be related to copepods, 

but they are distinguished from them by having compound 

eyes and a carapace (Fig. 19-86). 

Biramous thoracic appendages are present on each of 

the four segments of the cylindrical thorax (Fig. 19-86). The 

first thoracic segment is associated with the head, but its 

appendages are not maxillipeds. An unknown number of seg- 

ments are fused together to form the short, flat, unsegmented 

abdomen. This small, bilobed tagma has a deep median notch 

on its posterior edge and a tiny caudal furca in the cleft, but 

no appendages. 

When not attached to a host, branchiurans swim effectively 

with the four natatory thoracic appendages. Fish lice readily 

detach from a host and swim or crawl to another. Branchiuran 

infestations in confined habitats such as ponds or fish farms 

can eradicate entire fish populations. 

Gas exchange occurs over special, permeable respiratory 

areas of the carapace epithelium and, to a lesser extent, over 

the general body surface. The gut consists of a foregut, 

midgut, and hindgut and extends from the mouth on the pro- 

boscis to the anus in the notch at the end of the abdomen. 

The midgut has a pair of branched digestive ceca that extend 

into the carapace. There is a well-developed heart with a pair 

of ostia in the posterior thorax. The excretory organs are max- 

illary glands. The CNS includes a brain and subesophageal 

ganglion. The ventral nerve cord has five or six ganglia and is 

confined to the anterior thorax. The compound eyes consist 

of 20 to 100 ommatidia. The median naupliar eye is composed 

of three inverse pigment cups. 

Branchiurans are gonochoric and in both sexes the gono- 

ducts open on the fourth thoracic segment. Spermatozoa are 

long, slender, and tapered and do not have an abruptly 

swollen head. An acrosome is absent and a slender, tapered 

pseudoacrosome that forms the apical one-third of the sperm 

contains a pair of long rods. The centriole region connects 

the pseudoacrosome with the sperm body. The sperm body 

contains three long filiform mitochondria, a long filiform 

nucleus, and the flagellar axoneme, which is enclosed in 

a cylinder formed of dorsal and ventral bands. Pentastomids, 

which will be discussed next, have nearly identical sperm. 

Copulation occurs while the parasites are on the host, but the 

eggs are deposited on a firm substratum other than the host. 

Eggs hatch as nauplii or, in those with direct development, 

juveniles. 

1st antenna 

FIGURE 19-86 Branchiura: The fish louse, Argulus foliaceus. (After 

Waglerfrom Kaestner, A. 1970. Invertebrate Zoology. Vol. 3. Wiley-Interscience, 

Neiu York.) 
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PENTASTOMIDAc 

Pentastomids, or tongue worms, are derived, elongate, vermi- 

form parasites of the nasal passages, sinuses, and lungs of 

vertebrates (Fig. 19-87A). About 100 species of these poorly 

understood animals have been described. All stages of the life 

cycle are obligatory parasites and most species require inter- 

mediate and definitive hosts. Approximately 90% parasitize 

reptiles, chiefly snakes, but also crocodiles and lizards. A few 

infect mammals and birds. Reptile parasites feed on blood, 

whereas those of mammals consume mucus and cells. There is 

usually a vertebrate, but sometimes an arthropod, intermedi- 

ate host. Although largely tropical, pentastomids have been 

reported from North America, Europe, Australia, and even in 

Arctic birds. 

The wormlike, usually cylindrical body is 1 to 16 cm long 

and divided into a head and trunk (Fig. 19-87A). Anteriorly, 

the head bears the mouth and two pairs of chitinous hooks. In 

some pentastomids the hooks are at the ends of two pairs of 

leglike extremities, but others lack these extremities and the 

hooks arise from the surface of the head. The hooks, which 

are used to attach to the host, are the vestiges of two pairs of 

segmental appendages. Two pairs of papillae on the head may 

also be derived from segmental appendages. The elongate 

trunk is ringed with superficial annulations. 

The body is covered by a soft, flexible, nonchitinous cuticle 

that is molted periodically during larval development. Molting 

Mouth 

Head 

FIGURE 19-87 Pentastomida. A, The pentastomid Cephalobaena 
tetrapoda, from the lung of a snake. B, Larva of the pentastomid 
Porocephalus crotali. (A, After Heymons from Cuenot; B, After Penn.) 

ceases with adulthood. The body wall includes annelid-like 

layers of circular and longitudinal muscles. The muscles are 

cross-striated, however, a characteristic of arthropods but not 

annelids. The gut is complete, consists of a foregut, midgut, 

and hindgut, and extends from the mouth on the anterior 

head to the anus at the posterior tip of the trunk (Fig. 19-88). 

It is a simple tube with a muscular pump (for the host’s blood) 

in the foregut. In some species there is a frontal gland 

thought to secrete a substance that breaks down host tissues 

and prevents coagulation of the blood. No special gas- 

exchange surfaces or excretory organs are present. There is 

a hemocoel, but no heart. 

The CNS is unusual and consists of a subesophageal gan- 

glion as the major neuronal concentration. The two sides of 

the subesophageal ganglion are joined by a connective that 

arches dorsctlly over the gut. There is a short, ganglionated ven- 

tral nerve cord in the head (Fig. 19-88). The nerve cord does 

not extend into the trunk, which is instead supplied by nerves, 

without ganglia, from the subesophageal ganglion. There are 

no eyes. 

Pentastomids are gonochoric and have a well-developed 

genital system. Fertilization is internal and occurs only once in 

the lifetime of each female. The gonads and reproductive 

ducts (Fig. 19-88) occupy most of the space in the trunk. The 

gonads are usually unpaired with the gonopores located at the 

junction between the head and trunk. Pentastomid sperm are 

long, slender, filiform, and essentially identical to those of 

Branchiura. These sperm are the most derived flagellated 

crustacean sperm. 

Development begins in the uterus and an embryo, the 

primary larva, develops inside the eggshell. The primary 

larva has two pairs of hooked extremities and resembles a 

crustacean nauplius (Fig. 19-87B). Embryonated eggs 

released from the female are moved from the lungs into the 

digestive system of the host and then outside with the feces. 

In most pentastomids, the life cycle requires an herbivorous 

intermediate host. The intermediate host may be any class 

of vertebrate. For crocodile parasites they are fishes, 

whereas those for carnivorous mammals such as foxes and 

wolves are rabbits or rodents. The intermediate host ingests 

the embryonated egg and the primary larva hatches in the 

host’s gut. An infective larva develops in the intermediate 

host and, after a number of molts and migrations, arrives in 

the respiratory tract. Infective larvae have four to six leglike 

appendages. When the intermediate host is eaten, this larva 

is transferred to the stomach of the definitive host, from 

which it migrates to the lungs and nasal passageways via the 

esophagus and trachea. Pentastomid larvae have been 

reported in humans but are killed by calcareous encapsula- 

tion by the host tissue. 

The taxonomic status of the pentastomids has long been 

disputed and until recently they were placed in a separate 

phylum of uncertain affinities. There is growing agreement, 

however, that pentastomids are highly derived crustaceans 

closely related to branchiurans. Similarities between the two 

taxa in 18S rDNA base sequences, sperm morphology, and 

development support this conclusion. The annelid-like body- 

wall musculature may be a secondary development in response 

to the loss of a rigid exoskeleton and development of a worm- 

like body. 
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FIGURE 19-88 Pentastomida: Sagittal sections of 

generalized pentastomids. A, Male. B, Female. (From Storch, 

1993, after Riley, 1983. Recent advances in our understanding of 

pentastomid reproductive biology. Parasitology 86:59- 83. 

Copyright © 1993 by John Wiley, reprinted by permission of 

Wiley-Liss, a subsidiary of John Wiley & Sons, Inc.) 

PHYLOGENY OF MAXILLOPODA 
Maxillopoda was proposed as a monophyletic taxon several 

decades ago, and since then there has been disagreement over 

its validity, which taxa should be included, and which charac- 

ters should be used in determining the evolutionary pattern of 

the taxon. Maxillopoda is derived from an ancestor in which 

the length of the body was reduced by the loss of all but 10 

trunk segments. In this ancestral trunk were seven limb- 

bearing thoracic segments and three limbless abdominal 

segments plus a telson and a caudal furca. 

Maxillopoda is divided into two sister taxa, Copepodomor- 

pha and Progonomorpha (Fig. 19-89). Copepodomorpha, 

consisting of Copepoda and Mystacocarida, arose through the 

complete loss of the compound eyes of the ancestor. Both taxa 

lack a carapace. 

Within Copepodomorpha, Mystacocarida arose through 

the adult s retention of the larval locomotory functions of the 

first three head appendages. Maxillae 1 and 2 and the first 

thoracopods are used for scraping food from sand grains. The 

three ocelli of the larval naupliar eye dissociate to become the 

four adult ocelli, presumably after the median cup divides into 

two. 

Copepoda arose from the stem maxillopodan by incorpo- 

rating the first thoracomere into the cephalothorax and 

transforming its appendages into maxillipeds. The remaining 

thoracopods developed a median intercoxal plate rigidly 

connecting each pair of coxae across the ventral midline. 

Males produce spermatophores and females secrete an egg sac 

to enclose the eggs. 

In Progonomorpha—at least in those taxa in which the 

gonopore’s position can be determined with some degree of 

certainty—the gonopore has moved from the seventh thora- 

comere of the ancestral maxillopodan to the first thoracomere, 

defining this taxon. Progonomorpha includes the derived, para- 

sitic tantulocaridans, ostracods, thecostracans, branchiurans, 

and pentastomids. 

The highly unusual parasitic larva of tantulocaridans distin- 

guishes them from other maxillopodans. The loss of com- 

pound eyes in Tantulocarida is presumed to be independent 

of the similar loss in Copepodomorpha. 

The barnacle-like crustaceans (Thecostraca) include 

Ascothoracida and Cirripedia. Of them, Ascothoracicla is 

most like other crustaceans, with some taxa retaining a 

shrimplike morphology and an abdomen. The cirripedes are 

less like the ancestors and most have developed calcareous 

plates, which are not molted, in the carapace. Many are her- 

maphroditic, the abdomen is lost, and the thoracopods have 

become filter-feeding devices. Within Cirripedia, Acrotho- 

racica and Rhizocephala are gonochoric and lack a calcified 

carapace. 

The ostracods have undergone extreme shortening of the 

maxillopodan body with additional reduction of the number 

of locomotory thoracopods to a maximum of two pairs. 

The nauplius larva and the adult have a bivalved carapace 

completely enclosing the body. 

The evolutionary relationships of Branchiura and Pentasto- 

mida with other maxillopodans cannot be determined at 

present. However, a close relationship between these two 

morphologically very dissimilar taxa is strongly supported by 

striking similarities of their unusual sperm, which are long, 

extremely slender, filiform, and lack a distinct head. 

PHYLOGENETIC HIERARCHY OF MAXILLOPODA 
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FIGURE 19-89 A phylogeny of Maxillopoda. 1, Maxillopoda: Trunk 

has 10 segments; thorax has 7 segments; abdomen has 3 segments, 

telson, and furca; naupliar eye has three ocelli. 2, Copepodomorpha: 
Compound eye is lost in larvae and adults. 3, Copepoda: Cephalothorax 

is composed of head and first thoracomere; first thoracopod is a 

maxilliped; coxae of each pair are joined by a midventral intercoxal 

plate; male antennae 2 are prehensile; spermatophores are present; 

female has a seminal receptacle; eggs are enclosed in a secreted egg 

sac. 4, Mystacocarida: Head has four pigment-cup ocelli; there is a long 

linguiform labrum; antennae 2 and mandibles are biramous and 

locomotory; gonopores are on thoracomere 4. 5, Progonomorpha: 

Female gonopores are on thoracomere 1. 6, Tantulocarida:. Compound 

eye is lost; larvae are parasitic; reproductive females have reduced head 

appendages; mouth and gut are reduced. 7, Thecostracomorpha: 

Bivalved carapace has an adductor muscle. 8, Thecostraca: Larval 

compound eye has a three-part crystalline cone (adult lacks a 

compound eye); antennae 2 are vestigial or lost; adults are sessile, 

cyprid carapace has five pairs of lattice organs with posterior 

terminal pores. 9, Ascothoracida: Piercing mouthparts; antennae 1 are 

prehensile; parasitic adults. 10, Cirripedia: Nauplius larvae have 

glandular frontal horns and a caudal spine; cypris larva; adult filter 

feeds; thoracopods are six pairs of biramous, setose cirri; abdomen is 

lost; second pair of lattice organs have a terminal pore anteriorly; 

specialized filiform sperm. 11, Acrothoracica: Bore into calcareous 

substrates using chitinous epidermal teeth; 180° torsion of the body's 

long axis during metamorphosis; first pair of cirri are widely separated 

from the posterior pairs. 12, N.N.: Lattice organs have pore fields; first 

and second pairs of lattice organs have anterior terminal pores; cypris 

lacks an abdominal rudiment. 13, Thoracica: There are no true 

morphological apomorphies, although the taxon is strongly supported 

by molecular evidence. Possible apomorphies include hermaphroditism 

and mineralized shell plates. 14, Rhizocephala: Adults are parasitic on 

other crustaceans; typical crustacean morphology is lost: adult lacks 

segmentation and consists of an external reproductive body and 

internal nutrient-absorbing rootlets; female larva infests host via a 

stylet-bearing kentrogon larva; earliest internal stage is a wormlike 

vermigon; male implants into female as a trichogon that becomes 

integrated with and nourished by the female. (These hitherto 

unpublished apomorphies for the thecostran taxa were provided by 

Professor Jens Hoeg of the University of Copenhagen.) 15, Ostracoda: 
Locomotory thoracopods reduced to two pairs; nauplius has uniramous 

second antennae and mandibles. (Based on Ax, P. 2000. Multicellular 

Animals, II. Springer Verlag, Berlin. Perez-Losada, H0eg, Kolbasov, Crandall, 

2002; and H0eg, personal communication, 2002.) 
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PHYLOGENY OF CRUSTACEA  
The earliest known crustacean fossils are Phosphatocopina 

from the Lower Cambrian. Nearly all higher crustacean taxa 

are known to have existed since the Cambrian period, but 

their origin and relationships to the other arthropod taxa are 

obscure. Several phylogenies of the Crustacea have been 

proposed in recent years (Fig. 19-90). In the stem Crustacea, 

the four median eyes of the arthropod ancestor coalesce 

to form a characteristic naupliar eye that is not present in 

tracheates. The nauplius larva, characterized by its three pairs 

of appendages (antennae 1, antennae 2, and mandibles), 

naupliar eye, and anterior labrum, is another crustacean apo- 

morphy, as is the loss of four of the original pairs of saccate 

nephridia, leaving only the antennal and maxillary glands. 

The ancestral crustacean probably was a small, swimming, 

epibenthic animal with a head and trunk of numerous similar 

segments. The head bore two pairs of antennae, a pair of 

mandibles, two pairs of maxillae, a pair of compound eyes, and 

a naupliar eye. The mouth was directed backward. The trunk 

bore appendages on every segment and was not divided into 

thorax and abdomen. Its appendages, which were numerous 

and similar (homonomous) not only to each other but proba- 

bly also to the maxillae, probably served in locomotion, gas 

exchange, and feeding. They were biramous or multiramous 

mixopods with coxal gnathobases forming a midventral food 
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FIGURE 19-90 A phylogeny of Crustacea. 1, Crustacea: Two pairs 
of biramous antennae; two pairs of maxillae; hatching stage is 
a nauplius with antennae 1 and 2 and mandibles; compound eye is 
present; naupliar eye has four pigment-cup ocelli; antennal and 
maxillary (and perhaps all) segments have saccate nephridia; tagmata 
are head and trunk; trunk appendages are biramous, similar to maxillae; 
all trunk segments have appendages; suspension feeders using 
mixopods and a ventral food groove. 2, Remipedia: Cephalothorax 
has one trunk segment and one maxilliped; maxilliped is similar to 
the second maxillae; posterior mouthparts are modified for car- 
nivory; hermaphroditic; maxillary nephridia; secondary loss of eyes. 
3, Eucrustacea: Trunk divided into thorax and abdomen, although 
abdomen may be vestigial; maximum of eight thoracic segments. 
4, Thoracopoda: Thoracopods are turgor appendages with epipodites 
used for microphagous suspension feeding. 5, Cephalocarida: 
Hermaphroditic; nauplius is absent; lacks eyes. 6, Phyllopodomorpha: 
Compound eyes are stalked; fine particulates are filtered from open 
water. 7, Anostraca: First antennae are reduced; male second antennae 
are grasping organs; mandible lacks a palp; thoracic segments 12 and 13 
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are genital segments; naupliar eye has three ocelli. 8, Ostraca: Carapace 
forms a bilateral shell that encloses much of the body. 9, Phyllopoda: 
Sessile compound eye is sunken below the surface of head and 
suspended in an ectodermally lined, water-filled vesicle connected to 
the exterior by a pore; eye has extrinsic muscles and is movable; about 
30 thoracopods. 10, Malacostraca: Antennae 1 are multiramous (usually 
biramous); abdominal segments have biramous appendages; naupliar 
eye has four ocelli; primitive malacostracan has 15 trunk segments; 
thorax has 8 segments; abdomen has 7 (6 in derived taxa) segments; 
endopods of thoracic legs are stenopodous; last abdominal appendages 
are uropods; carapace does not enclose limbs; the position of the 
gonopore is constant, with the female gonopore on thoracomere 6 and 
the male's on thoracomere 8; stomach has cardiac and pyloric chambers 
for trituration, hydrolysis, and filtering. 11, Maxillopoda: Maximum of 
10 trunk segments plus a telson and furca; maximum of seven thoracic 
segments; appendages are restricted to the thoracic segments; abdomen 
has three appendageless segments; short, ovoid heart; naupliar eye has 
three pigment-cup ocelli. (Modified from Ax, P. 2000. Multicellular Animals, 
II. Springer Verlag, Berlin. 396 pp.) 
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groove. Among Recent crustaceans, the remipedes, cephalo- 

caridans, anostracans, and some malacostracans resemble this 

hypothetical ancestral crustacean to varying degrees, although 

each has a number of apomorphies in addition to its primitive 

characteristics. The maxillopodans are least like the ancestor, 

although even a few of them exhibit some apparently primitive 

characteristics. 

The annelid-like remipedes, which have homonomous 

biramous appendages on every trunk segment (except the 

first), may be the most primitive Recent crustaceans and the 

ones most like the stem crustacean. Remipedia is the sister 

taxon of all the remaining crustaceans (Eucrustacea). Having 

a trunk undivided into thorax and abdomen with similar 

appendages on almost all segments is the condition expected 

of the stem crustacean and presumably was inherited from 

that ancestor. 

Eucrustacea is divided into the sister taxa Thoracopoda and 

Maxillopoda. In Thoracopoda, the thoracopods originate as 

turgor appendages with a filter-feeding role. Thoracopoda 

includes Cephalocarida, Anostraca, Phyllopoda, and Malaco- 

straca. Like Remipedia, Cephalocarida is a small taxon having 

many^of the characteristics expected of the stem crustacean. 

The cephalocarid trunk, however, is divided into a limb-bearing 

thorax and a limbless abdomen and is derived in this regard. 

Within Thoracopoda two methods of microphagous suspen- 

sion feeding evolved to divide Thoracopoda into Cephalocarida 

and Phyllopodomorpha. The more plesiomorphic Cephalo- 

carida feed by stirring organic particles off the bottom with an 

endopod of five articulated segments and an exopod of three. 

In Phyllopodomorpha this original detritus-feeding mode was 

replaced by filter feeding in open water remote from the bot- 

tom. For this, the joints between the articles of the endopods 

and exopods were lost, resulting in leaflike phyllopods without 

articulations. In Malacostraca this condition is found only in 

the primitive Leptostraca. 

In many classifications Anostraca and Phyllopoda are 

combined in Branchiopoda, but the absence of a carapace 

and other differences may be sufficient reason to view the old 

Branchiopoda as paraphyletic, necessitating the separation of 

Anostraca from Phyllopoda. Phyllopoda and Malacostraca, by 

virtue of their common possession of a carapace, are sister 

taxa in Ostraca. 

Malacostraca has a stabilized tagmosis, almost always with 

eight thoracic and six abdominal segments. Malacostracans 

have appendages on the abdominal segments whereas the 
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Crustacea 

Remipedia 

Eucrustacea 

Thoracopoda 
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phyllopodans have lost these plesiomorphic structures. Maxil- 

lopoda is characterized by a reduction in the length of the 

trunk to a maximum of 10 segments. 

REFERENCES 

GENERAL 
Anderson, D. T. 1973. Embryology and Phylogeny in Annelids 

and Arthropods. Pergamon Press, Oxford. 495 pp. 

Ax, P. 2000. Multicellular Animals, II. Springer Verlag, Berlin. 

396 pp. 

Barnes, R. D., and Harrison, F. W. 1992. Introduction. In Harri- 

son, F. W., and Humes, A. G. (Eds.): Microscopic Anatomy 

of Invertebrates. Vol. 9. Crustacea. Wiley-Liss, New York. 

pp. 1-8. 

Bliss, D. E. (Ed.): 1982-1985. Biology of the Crustacea. Aca- 

demic Press, New York. (Ten volumes.) 

Chang, E. S., and O’Connor, j. D. 1988. Crustacea: Molting. In 

Laufer, H., and Downer, R. G. H. (Eds.): Endocrinology of 

Selected Invertebrate Types. Alan R. Liss, New York. pp. 

259-278. 

Cohen, M. J. 1955. The function of receptors in the statocyst of 

the lobster, Homarus americanus.]. Physiol. 130:9-34. 

Fitzpatrick, J. F. 1983. How to Know the Freshwater Crustacea. 

W. C. Brown, Dubuque, IA. 227 pp. 

Fortey, R. A., and Thomas, R. H. (Eds.): 1998. Arthropod Rela- 

tionships. Systematics Association Spec. Vol. 55. Chapman 

& Hall, London. 383 pp. 

Gerritsen, J., and Porter, K. G. 1982. The role of surface chemistry 

in filter feeding by zooplankton. Science 216:1225-1227. 

Green, J. 1961. A Biology of Crustacea. Quadrangle Books, 

Chicago. 113 pp. 

Harrison, F. W., and flumes, A. G. (Eds.): 1992. Microscopic 

Anatomy of Invertebrates. Vol. 9. Crustacea. Wiley-Liss, 

New York. 

Hessler, R. R., and Newman, W. A. 1975. A trilobite origin for 

the Crustacea. Foss. Strata 4:437-459. 

Koehl, M. A. R., and Strickler, J. R. 1981. Copepod feeding 

currents: Food capture at low Reynolds number. Limnol. 

Oceanogr. 226:1062-1073. 

LaBarbera, M. 1984. Feeding currents and particle capture 

mechanisms in suspension feeding animals. Am. Zool. 

24:71-84. 

Lockwood, A. P. M. 1968. Aspects of the physiology of Crustacea. 

Oliver and Boyd, London. 328 pp. 

McLaughlin, P. 1980. Comparative Morphology of Recent 

Crustacea. W. H. Freeman, San Francisco. 159 pp. 

McNamara, J. C. 1981. Morphological organization of crustacean 

pigmentary effectors. Biol. Bull. 161:270-280. 

Moore, R. C. (Ed.): 1969. Treatise on Invertebrate Paleontol- 

ogy. Pt. R. Arthropoda 4. Vols. 1 and 2. Geological Society 

of America, University of Kansas Press, Lawrence, KS. 

651 pp. 

Morin, J. G. 1983. Coastal bioluminescence: Patterns and func- 

tions. Bull. Mar. Sci. 33:787-817. 

Schminke, H. K. 1996. Crustacea. In Westheide, W., and Rieger, 

R. M. (Eds.): Spezielle Zoologie, I. Einzeller und Wirbellose 

Tiere. Gustav Fisher Verlag, Stuttgart, pp. 501-581. 



696 Chapter 19 CrustaceasP 

Schmitt, W. I,. 1965. Crustaceans. Ann Arbor Science Library, 

Univ. Michigan Press, Ann Arbor. 204 pp. 

Schram, F. R. 1986. Crustacea. Oxford University Press, New York. 

700 pp. 

Schram, F. R. (Ed.): 1983. Crustacean Phylogeny. A. A. Balkema, 

Rotterdam. 372 pp. 

Walossek, D. 1999. On the Cambrian diversity of Crustacea. 

In Schram, F. R., and von Vaupel Klein, J. C. (Eds.): 

Crustaceans and the Biodiversity Crisis. Proceedings of the 

4th International Crustacean Conference, Amsterdam, 

1998. Vol. 1. E. J. Brill, Leiden, Netherlands, pp. 3-27. 

Waterman, T. H., and Chase, F. A. 1960. General crustacean 

biology. In Waterman, T. H. (Ed.): The Physiology of 

Crustacea I. Metabolism and Growth. Academic Press, 

New York. pp. 1-33. 

Waterman, T. H. (Ed.): 1960. The Physiology of Crustacea I. 

Metabolism and Growth. Academic Press, New York. 670 pp. 

Waterman, T. H. (Ed.): 1961. The Physiology of Crustacea II. 

Sense Organs, Integration and Behavior. Academic Press, 

New York. 681 pp. 

Welsh, J. H. 1961. Neurohumors and neurosecretion. In Water- 

man, T. H. (Ed.): The Physiology of Crustacea II. Sense 

Organs, Integration and Behavior. Academic Press, New York, 

pp. 281-311. 

White, K. N., and Walker, G. 1981. The barnacle excretory 

organ. J. Mar. Biol. Assoc. UK 61:529-547. 

Internet Sites 
zuwiu.bio.uva.nl/onderzoek/cepa (Animal Evolution Pattern Analy- 

sis home page.) 

http://bmmeliadbiota.ifas.ufl.edu/crbrom.htm (Crustacea in Bromeliad 

Phytotelmata, by W. Janetzky.) 

wwxu.zoomschool.com/painting/crustaceans.shtml (Crustaceans to Color 
Online.) 

wxuxu.vims.edu/tcs (The Crustacean Society.) 
http://biosys-serv. biologie. uni-ulm. de/sektion/dieter/dieter, html 

(“Orsten” Research and Dieter Waloszek’s View of Arthro- 

pod and Crustacean Phylogeny.) 

xuxuxu.geocities.com/mediaq/fauna/ (Groundwater Fauna of Italy, by 
G. L. Pesce.) 

xuwiu. mov.mc.gov. cm/crust/page 1 a. html (Marine Crustaceans of South- 

ern Australia, Museum Victoria.) 

REMIPEDIA 
Felgenhauer, B. E., Abele, L. G., and Felder, D. L. 1992. 

Remipedia. In Harrison, F. W., and Humes, A. G. (Eds.): 

Microscopic Anatomy of Invertebrates. Vol. 9. Crustacea. 

Wiley-Liss, New York. pp. 225-247. 

\ager, J. 1981. Remipedia, a new class of Crustacea from a 

marine cave in the Bahamas. J. Crust. Biol. 1:328-333. 

CEPHALOCARIDA 
Hessler, R. R. 1964. The Cephalocarida: Comparative skeleto- 

musculature. Mem. Conn. Acad. Arts Sci. 16:1 -97. 
Hessler, R. R., and Elofsson, R. 1992. Cephalocarida. In Harri- 

son, F. W., and Humes, A. G. (Eds.): Microscopic Anatomy 

of Invertebrates. Vol. 9. Crustacea. Wiley-Liss, New York. pp. 

9-24. 

Sanders, H. L. 1955. The Cephalocarida, a new subclass of Crus- 

tacea from Long Island Sound. Proc. Nat. Acad. Sci. USA 

41:61-66. 

Sanders, H. L. 1963. The Cephalocarida. Mem. Conn. Acad. 

Arts Sci. 15:1-180. 

ANOSTRACA AND PHYLLOPODA 
Dodson, S. I., and Frey, D. G. 2001. Cladocera and other Bra- 

chiopoda. In Thorp, J. H., and Covich, A. P. (Eds.): Ecology 

and Classification of North American Freshwater Inverte- 

brates. Academic Press, San Diego, pp. 849-913. 

Fryer, G. 1987. A new classification of the branchiopod Crus- 

tacea. Zool. j. Linn. Soc. Lond. 91:27-124. 

Martin, J. 1992. Branchiopoda. In Harrison, F. W., and Humes, 

A. G. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. 

Crustacea. Wiley-Liss, New York. pp. 25-224. 

Martin, J. W., Felgenhauer, B. E., and Abele, L. G. 1986. Redescrip- 

tion of the clam shrimp Lynceus gracilicomis from Florida, with 

notes on its biology. Zool. Scripta 15:221-232. 

Internet Sites 
www.cladocera.fsnet.co.uk (Cladocera: A Short Course, by 

C. Duigan, University College, London.) 

xuwxu.cladocera.uoguelph.ca (Cladocera, by C. L. Rowe and P. D. N. 

Hebert, University of Guelph.) 

www. natureserve. org/getData/dataSets/animcilDataSets/shrimpus. htm 

(Fairy, Clam, and Tadpole Shrimp of the United States, by 

NatureServe.) 

http://mailbox, univie. ac. at/erich. eder/UZK/index2. html (Large Bran- 

chiopods, by E. Eder.) 

http://perrso.xuanadoo.fr/nicolas.rabet (Les Grands Branchiopodes, 
by N. Rabet.) 

wxuw. microscopy-uk.org.uk/mag/artjun99/wflea.html (Water Fleas, 

by J. Parmentier and W. van Egmond.) 

http://royal, okanagan.be.c,a/neiusletr/v2n 1 /ggindex. html (Water Fleas, 

by G. Green, Royal British Columbia Museum.) 

xuxuxu.homepages.ucl.ac.uk/~ucfagls/thexuaterflea/ (The Water Flea, 
by G. Simpson.) 

MALACOSTRACA: STOMATOPODA 
Caldwell, R. L., and Dingle, IT 1976. Stomatopods. Sci. Am. 

234:80-89. 

Manning, R. B. 1974. Crustacea: Stomatopoda. Marine Flora 

and Fauna of the Northeastern United States. NQAA Tech. 

Report NMFS Circular 386. U.S. Government Printing 

Office, Washington, DC. 6 pp. 

Internet Sites 
xuxuxu.blueboard.com/mantis (The Lurker’s Guide to Stomatopods, 

by A. San Juan.) 

xuxuxu.mov.vic.gov.au/crust/stombiol.html (Marine Crustaceans of 
Southern Australia: Mantis Shrimps, Museum Victoria.) 

http://dmoz.org/Science/Biology/Flora_and_Fauna/Animalia/ 
Arthrpoda/Crustacea/Stomatopoda/ (Stomatopoda: DMOZ 

Open Directory Project.) 



References 697 

MALACOSTRACA: DECAPODA 
Barnes, R. D., and Harrison, F. W. 1992. Introduction to the 

Decapoda. In Harrison, F. W., and Humes, A. G. (Eds.): 

Microscopic Anatomy of Invertebrates. Vol. 10. Decapod 

Crustacea. Wiley-Liss, New York. pp. 1-6. 

Bauer, R. T. 1976. Mating behaviour and spermatophore 

transfer in the shrimp Heptacarpus pictus. J. Nat. Hist. 

10:415-440. 

Bliss, D. E., van Montfrans, J., van Montfrans, M., et al. 1978. 

Behavior and growth of the land crab Cecarcinus lateralis 

(Freminville) in southern Florida. Bull. Am. Mus. Nat. Hist. 

160:113-151. 

Bruce, A. }. 1976. Shrimps and prawns of coral reefs, with 

special reference to commensalism. In Jones, O. A., and 

Endean, R. (Eds.): Biology'and Geology of Coral Reefs. 

Vol. Ill: Biology 2. Academic Press, New York. pp. 37-94. 

Cameron, J. N. 1985. Molting in the blue crab. Sci. Am. 

252:105-109. 

Crane, J. 1975. Fiddler Crabs of the World. Princeton University 

Press, Princeton, NJ. 660 pp. 

Felgenhauer, B. E. 1992a. External anatomy and integumentary 

structures. In Harrison, F. W., and Humes, A. G. (Eds.): 

Microscopic Anatomy of Invertebrates. Vol. 10. Decapod 

Crustacea. Wiley-Liss, New York. pp. 7-43. 

Felgenhauer, B. E. 1992b. Internal anatomy of the Decapoda: 

An overview. In Harrison, F. W., and Humes, A. G. (Eds.): 

Microscopic Anatomy of Invertebrates. Vol. 10. Decapod 

Crustacea. Wiley-Liss, New York. pp. 45-75. 

Fingerman, M. 1992. Glands and secretion. In Harrison, F. W., 

and Humes, A. G. (Eds.): Microscopic Anatomy of Inverte- 

brates. Vol. 10. Decapod Crustacea. Wiley-Liss, New York, 

pp. 345-394. 

Glaessner, M. F. 1969. Decapoda. In Moore, R. C. (Ed.): Treatise 

on Invertebrate Paleontology. Pt. R. Arthropoda 4. Vol. 2. 

Geological Society of America, University of Kansas Press, 

Lawrence, pp. R400-R532. 

Gurney, R. 1942. Larvae of Decapod Crustacea. Ray Society Vol. 

129. Ray Society, London. 306 pp. 

Harrison, F. W., and Humes, A. G. (Eds.): 1992. Microscopic 

Anatomy of Invertebrates. Vol. 10. Decapod Crustacea. 

Wiley-Liss, New York. 459 pp. 

Hobbs, H. H. 2001. Decapods. In Thorp, J. H., and Covich, A. P. 

(Eds.): Ecology and Classification of North American 

Freshwater Invertebrates. Academic Press, San Diego, pp. 

955-1001. 

Icely, J. D., and Nott, J. A. 1992. Digestion and absorption: 

Digestive system and associated organs. In Harrison, F. W., 

and Humes, A. G. (Eds.): Microscopic Anatomy of Inverte- 

brates. Vol. 10. Decapod Crustacea. Wiley-Liss, New York, 

pp. 147-201. 

Johnson, P. T. 1980. The Histology of the Blue Crab, Callinectes 

sapidus. Praeger, New York. 440 pp. 

Martin, G. G., and Hose, J. E. 1992. Vascular elements and 

blood (hemolymph). In Harrison F. W., and Humes, A. G. 

(Eds.). Microscopic anatomy of Invertebrates, 10. Decapod 

Crustacea. Wiley-Liss, New York. pp. 117-146. 

McGaw, I. J., and Reiber, C. L. 2002. Cardiovascular system of 

the blue crab, Callinectes sapidus. J. Morphol. 251:1-21. 

Omori, M. 1974. The biology of pelagic shrimps in the ocean. 

Adv. Mar. Biol. 12:233-324. 

Peterson, D. R., and Loizzi, R. F. 1974. Ultrastructure of the 

crayfish kidney-coelomosac, labyrinth, nephridial canal. 

J. Morphol. 142:241-263. 

Powell, P. R. 1974. The functional morphology of the foreguts of 

the thalassinid crustaceans, Callianassa californiensis and 
Upogebia pugettensis. Univ. Calif. Publ. Zool. 102:1-41. 

Prosser, C. L. 1973. Comparative Animal Physiology. W. B. Saun- 

ders, Philadelphia. 924 pp. 

Salmon. M. 1967. Coastal distribution, display and sound 

production by Florida fiddler crabs (genus Uca). Anim. 

Behav. 15:449-459. 

Taylor, H. H., and Taylor, E. W. 1992. Gills and lungs: The 

exchange of gasses and ions. In Harrison, F. W., and 

Humes, A. G. (Eds.): Microscopic Anatomy of Inverte- 

brates. Vol. 10. Decapod Crustacea. Wiley-Liss, New York, 

pp. 203-293. 

Warner, G. F. 1977. The Biology of Crabs. Van Nostrand Rein- 

hold, New York. 202 pp. 

Wicksten, M. K. 1980. Decorator crabs. Sci. Am. 242:146-154. 

Williams, A. B. 1965. Marine decapod crustaceans of the 

Carolinas. U.S. Fish. Bull. 65:1-298. 

Williams, A. B. 1984. Shrimps, Lobsters, and Crabs of the Atlantic 

Coast of the Eastern United States, Maine to Florida. 

Smithsonian Institution Press, Washington, DC. 550 pp. 

Wolcott, T. G. 1984. Uptake of interstitial water from soil: 

mechanisms and ecological significance in the ghost crab 

Ocypode quadrata and two gecarcinid land crabs. Physiol. 

Zool. 57:161-184. 

Internet Sites 
http://crayfish.byu.edu/crayhome.htm (Crayfish Home Page, by 

K. A. Crandall and J. W. Fetzner Jr.) 
www.denison.edu/~stocker/crayfish.html (Crayfish Page, by G. W. 

Stocker.) 

www. kheper. auz. com/gaia/biosphere/arthropods/malacostraca/ 

Decapoda.html (Order Decapoda: Crabs, Lobsters, Shrimps, 

etc.) 

www. tlu. edu/academics/departments/biology/ aquatic/Decapoda/ 

decapod.html (Decapods.) 

www. biology, ualberta. ca/facilities/multimedia/ index, php ?Page=252 

(Decapod Claw Form and Function, animation by H. Kroen- 

ing, University of Alberta.) 

icww.fiddler crab.info/ (Fiddler Crabs, by M. S. Rosenberg.) 

MALACOSTRACA: EUPHAUSIACEA 
Ivanov, B. G. 1970. On the biology of the Antarctic krill Euphau- 

sia superba. Mar. Biol. 7:340. 

Mauchline, J. 1980. The biology of mysids and euphausids. Adv. 

Mar. Biol. 18:3-677. 

MALACOSTRACA: MYSIDACEA 
Grossnickle, N. E. 1982. Feeding habits of Mysis relicta: An 

overview. Hydrobiologia 93:101-108. 

Storch, V. 1989. Scanning and transmission electron micro- 

scopic observations on the stomachs of three mysid species 

(Crustacea).J. Morph. 200:17-27. 



698 Chapter 19 Crustacea*1’ 

Internet Sites 
www. geocities, com/CapeCanaveral/Hangar/116 7/fauna/my sids. html 

(Groundwater Mysids.) 

http://allserv. rug. ac. be/-tdeprez/Mysidacea/index.html (Mysida Infor- 

mation Site, by T. Deprez.) 

MALACOSTRACA: AMPHIPODA 
Barnard, J. L. 1969. The families and genera of marine gam- 

maridean Amphipoda. U.S. Nat. Mus. Bull. 271:1-535. 

Barnard, J. L., and Barnard, C. M. 1983. Freshwater Amphipoda 

of the World: I. Evolutionary Patterns. II. Handbook and 

Bibliography. Hayfield, Alexandria, VA. 830 pp. 

Bousfield, E. L. 1973. Shallow-water Gammaridean Amphipoda 

of New England. Cornell University Press, Ithaca, NY. 

344 pp. 

Bousfield, E. L. 1978. A revised classification and phylogeny of 

amphipod crustaceans. Trans. Roy. Soc. Can. (Ser. IV) 

16:343-390. 

Caine, E. A. 1974. Comparative functional morphology of feed- 

ing in three species of caprellids from the northwestern 

Florida Gulf Coast. J. Exp. Mar. Biol. Ecol. 15:81-96. 

Caine, E. A. 1978. Habitat adaptations of North American 

caprellid Amphipoda. Biol. Bull. 155:288-296. 

Fox, R. S., and Bynum, K. H. 1975. The amphipod crustaceans 

of North Carolina estuarine waters. Chesapeake Sci. 

16:223-237. 

Holsinger, J. R. 1972. The freshwater Amphipod Crustaceans 

(Gammaridae) of North America. Biota of Freshwater 

Ecosystems, Identification Manual 5. US Environmental 

Protection Agency, Washington, DC. 89 pp. 

Laubitz, D. R. 1970. Studies on the Caprellidea of the American 

North Pacific. Nat. Mus. Can. Publ. Biol. Oceanogr. 1:1-89. 

Laval, P. 1980. Hyperiid amphipods as crustacean parasitoids 

associated with gelatinous zooplankton. Oceanogr. Mar. 

Biol. Ann. Rev. 18:11-56. 

McCain, J. C. 1968. The Caprellidae (Crustacea: Amphipoda) of 

the western North Atlantic. Bull. U.S. Nat. Mus. 278:1-147. 

McCloskey, L. R. 1970. A new species of Dulichia commensal 

with a sea urchin. Pacific Sci. 24:90-98. 

Schmitz, E. H. 1992. Amphipoda. In Harrison, F. W., and Humes, 

A. G. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. 

Crustacea. Wiley-Liss, New York. pp. 443-528. 

Stock, J. H. 1976. A new member of the crustacean suborder: 

Ingolfiellidea from Bonaire, with a review of the entire sub- 

order. Stud. Fauna Curacao 50:56-75. 

Wading, L. 1988. Amphipoda. In Higgins, R. R, and Theil, H. 

(Eds.): Introduction to the Study of Meiofauna. Smithson- 

ian Institution Press, Washington, DC. pp. 409-412. 

Internet Sites 
iuww.odu.edu/sci/biology/amphome/ (The Amphipod Homepage, 

with links.) 

www.kbinirsnb.be/general/sections/amphi/carciliens.htm (Amphipod 

links.) 

www.imv.uit.no/ommuseet/enheter/zoo/ivim/amp_main.html (Database 

on Amphipod Literature.) 

http://web. odu. edu/sci/biology/amphome/anmain. htm (Amphipod 

Newsletter.) 

www. imv. uit. no/ommuseet/enheter/zoo/wim/amp_main. html (Amphi- 

pod Page, Tromso Museum, Wim Vader. Includes a Database 

on Amphipod Literature and the Amphipod Newsletter.) 

www.krapp.org/flohkrapp/amphi.html (Amphipod Resources, by 
T. Krapp.) 

www. bio. uva. nl/onderzoek/cepa//IngoljieilideorumCatalogus. html 

(World Catalogue and Bibliography of the Ingolfiellidea, by 

F. R. Schram and R. Vonk.) 

www.odu.edu/sci/biology/amphipod/index.html (Subterranean Amphi- 

pod Database, byj. R. Holsinger, Old Dominion University.) 

MALACOSTRACA: CUMACEA 
Alfonso, M. I., Bandera, M. E., Lopez-Gonzalez, P. J., and Garcfa- 

Gomez, J. C. 1998. The cumacean community associated 

with a seaweed as a bioindicator of environmental condi- 

tions in the Algeciras Bay (Strait of Gibraltar). Cahiers Biol. 

Mar. 39:197-205. 

Valentin, C., and Anger, K. 1977. In situ studies on the life cycle 

of Diastylis rathkei. Mar. Biol. 39:71-76. 

Watling, L. 1979. Crustacea: Cumacea. Marine Flora and Fauna 

of the Northeastern United States. NOAA Tech. Report 

NMFS Circular 423. U.S. Government Printing Office, 

Washington, DC. 22 pp. 

Internet Sites 
www.ims.usm.edu/cumacean/index.html (Cumacean Newsletter.) 

http://nature.umesci.maine.edu/Cumacea/key.html (Key to Families 
of Cumacea, by P. Haye.) 

http://nature.umesci.maine.edu/cumacea.html (Cumacean Page, by 
I. Kornfield and L. Watling.) 

WWW. rrz. uni-hamburg. de/biologie/zim/niedere2/Uteengl. htm (Taxon- 

omy, Phylogeny, and Zoogeography of Cumacea and Mysi- 

dacea, by U. Muhlenhardt-Siegel.) 

MALACOSTRACA: TANAIDACEA 
Bird, G. 1999. A new species of Pseudotanais (Crustacea, 

Tanaidacea) from cold seeps in the deep Caribbean, col- 

lected by the French submersible Nautile. Zoosystema 

21:445-451. 

Johnson, S. B., and Attramadal, Y. G. 1982a. Reproductive 

behaviour and larval development of Tanais cavolinii. Mar. 

Biol. 71:11-16. 

Johnson, S. B., and Attramadal, Y. G. 1982b. A functional- 

morphological model of Tanais cavolinii adapted to a tubi- 

colous life-strategy. Sarsia 67:29-42. 

Larsen, K. 2001. Morphological and molecular investigations of 

polymorphism and cryptic species in tanaid crustaceans: 

Implications for tanaid systematics and biodiversity esti- 

mates. Zool. J. Linn. Soc. 131:353-379. 

Mendoza, J. A. 1982. Some aspects of the autecology of Leptoche- 

lia dubia. Crustaceana 43:225-240. 

Internet Site 
http://tidepool.st.usm.edu/tanaids (Tanaidacea Home Page, by 

R. W. Heard, G. Anderson, and K. Larsen, University of 

Southern Mississippi.) 



References 699 

MALACOSTRACA: ISOPODA 
Brusca, R. C., and Wilson, G. D. F. 1991. A phylogenedc analysis 

of the Isopoda with some classificatory recommendations. 

Mem. Queensland Mus. 31:143-204. 

Schultz, G. A. 1969. How to Know the Marine Isopod Crus- 

taceans. W. C. Brown, Dubuque, IA. 359 pp. 

Sutton, S. L., and Holdich, D. M. (Eds.): 1984. The Biology of 

Terrestrial Isopods. Oxford University Press, Oxford. 518 pp. 

Van Name, W. G. 1936. The American land and freshwater iso- 

pod crustaceans. Am. Mus. Bull. 71:1-535. 

Wagele, J.-W. 1992. Isopoda. In Harrison, F. W., and Humes, A. G. 

(Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. Crus- 

tacea. Wiley-Liss, New York. pp. 529-617. 

Williams, W. D. 1972. Freshwater Isopods (Asellidae) of 

North America. Biota of Freshwater Ecosystems, Identifica- 

tion Manual 7. US Environmental Protection Agency, 

Washington, DC. 45 pp. 

Yonge, C. M. 1949. The Seashore. Collins, London. 311 pp. 

Internet Sites 
www.mov.vic.gov.au/crust/isopogal.html (Isopods of Southern Aus- 

tralia, Museum Victoria.) 
http://mavicka.ru/directory/rus/17802.html (MavicaNet Isopod Page 

with links.) 
www.vims.edu/~jeff/isopod.htm (Epicaridea: The Parasitic Isopods 

of Crustacea.) 
www.nmnh.si.edu/iz/isopod (World List of Marine, Freshwater and 

Terrestrial Isopod Crustaceans, Smithsonian National 

Museum of Natural History.) 

OTHER MALACOSTRACA 
Boutin, C. 1998. Thermosbaenacea. In Juberthie, C., and Decu, V. 

(Eds.): Encyclopedia Biospeleologica II. Societe de Biospeolo- 

gie, Moulis. pp. 887-888. 

Bowman, T. E., Garner, S. P., Hessler, R. R., Iliffe, T. M., and 

Sanders, H. L. 1985. Mictacea, a new order of Crustacea 

Peracarida. J. Crust. Biol. 5:74-78. 

Brooks, H. K. 1962. On the fossil Anaspidacea, with a revision of 

the classification of the Syncarida. Crustaceana 4:229 — 242. 

Fryer, G. 1964. Studies on the functional morphology and 

feeding mechanism of Monodella argentarii. Trans. Roy. Soc. 

Edinb. 64:49-90. 

Martin, J. W., and Christiansen, J. C. 1995. A morphological com- 

parison of the phyllopodous thoracic limbs of a lep- 

tostracan (Nebalia) and a spinicaudate chonchostracan (Lep- 

testheria), with comments on the use of the term Phyllopoda 

as a taxonomic category. Can. J. Zool. 73:2283-2291. 

Martin, J. W., Vetter, E. W., and Cash-Clark, C. E. 1996. Descrip- 

tion, external morphology, and natural history observations 

of Nebalia hessleri, new species (Phyllocarida, Leptostraca), 

from southern California, with a key to the extant families 

and genera of the Leptostraca. J. Crust. Biol. 16:347-372. 

Noodt, W. 1965. Naturliches System und Biogeographie der 

Syncarida: Gewasser und Abwasser. 37-38:77-186. 

Schminke, H. K. 1981. Adaptation of Bathynellacea to life in the 

interstitial (“Zoea Theory”). Int. Rev. ges. Hydrobiol. 

66:575-637. 

Wagner, H. P. 1994. A monographic review of the Thermosbae- 

nacea (Crustacea: Peracarida). Zool. verhand. Leiden 

291:1-388. 

Internet Sites 
http://crustacea. nhm. org/peet/leptostraca/index, html (The Leptostraca: 

NSF PEET Program, by T. Haney.) 

u)ww. tamug. tamu. edu/cavebiology/fauna/thermosbaenaceans/Tjunidms. 

html (Caribbean Thermosbaenaceans: Tulumella unidens 

Bowman & Iliffe, 1988, by G. L. Pesce, University of 

L’Aquila.) 
wiuw.univaq.it/~sc_amb/syncarid.html (Groundwater Fauna of Italy: 

Syncarids, by G. L. Pesce.) 

www. geocities, com/CapeCanaveral/Hangar/116 7/thermo, html 

(Groundwater Biology Home Page: Thermosbaenaceans.) 

www.geocities, com/-mediaq/fauna/therm, html (Thermosbaenaceans, 

by G. L. Pesce.) 

MAXILLOPODA: COPEPODA 
Boxshall, G. A. 1977. The depth distributions and commu- 

nity organization of the planktonic cyclopods of the 

Cape Verde Islands region. J. Mar. Biol. Assoc. UK 57: 

543-562. 

Boxshall, G. A. 1983. A comparative functional analysis of 

the major maxillopodan groups. In Schram, F. R. (Ed.): 

Crustacean Issues 1: Crustacean Phylogeny. A. A. Balkema, 

Rotterdam, pp. 121-143. 

Boxshall, G. A. 1992. Copepoda. In Harrison, F. W., and Humes, 

A. G. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. 

Crustacea. Wiley-Liss, New York. pp. 347-384. 

Boxshall, G. A., Ferrari, F. D., and Tiemann, H. 1984. The ances- 

tral copepod: Towards a consensus of opinion at the First 

International Conference on Copepoda 1981. Crustaceana 

Suppl. 7:68-84. 

Boxshall, G. A., and Jaume, D. 2000. Making waves: The 

repeated colonization of fresh water by copepod crus- 

taceans. Adv. Ecolog. Res. 31:61-79. 

Carter, M. E., and Bradford, J. M. 1972. Postembryonic develop- 

ment of three species of harpacticoid Copepoda. Smithson. 

Contrib. Zool. 119:1-26. 

Corkett, C. J., and McLaren, I. A. 1978. The biology of Pseudo- 

calanus. Adv. Mar. Biol. 15:1-231. 

Coull, B. C. 1977. Copepoda: Harpacticoida. Marine Flora and 

Fauna of the Northeastern United States. NOAA Tech. 

Report NMFS Circular 399. U.S. Government Printing 

Office, Washington, DC. 48 pp. 

Gruner, H.-E. 1993. Klasse Crustacea, Krebse. In Gruner, H.-E. 

(Ed.): Lehrbuch der Speziellen Zoologie. 4. Aufl. Band I. 4. 

Tiel: Arthropoda (ohne Insecta). Gustav Fischer Verlag, 

Jena. pp. 448-1030. 

Hicks, G. F., and Coull, B. C. 1983. The ecology of marine 
meiobenthic harpacticoid copepods. Oceanogr. Mar. Biol. 

Ann. Rev. 21:67-175. 

Huys, R., and Boxshall, G. A. 1991. Copepod Evolution. Ray 

Society Vol. 159. Ray Society, London. 468 pp. 

Roe, H. S. J. 1972. The vertical distributions and diurnal migra- 

tions of calanoid copepods collected on the Sond Cruise, 

1965, pt. II. J. Mar. Biol. Assoc. UK 52:315-343. 



700 Chapter 19 Crustaceasl> 

Williamson, C. E., and Reid, J. W. 2001. Copepoda. In Thorp, 

J. H., and Covich, A. R (Eds.): Ecology and Classification of 

North American Freshwater Invertebrates. Academic Press, 

San Diego, pp. 915-954. 

Internet Sites 
http://copepods.interfree.it/index.html (Copepods Web Portal, by 

G. L. Pesce, University of L’Aquila.) 

http://copepods.interfree.it/ground.htm (Groundwater Copepods, by 

G. L. Pesce.) 

wurw. uni-oldenburg. de/zoomorphology /Biology, html (Zoosystematics 

and Morphology Section: Copepod Biology, Carl von 

Ossietzky University of Oldenberg.) 

ioww.uni-oldenburg.de/monoculus/ (Monoculus Copepod News- 

letter.) 

iowzv.rneiofauna.org/ (International Association of Meiobentho- 

logists.) 

http://jaffeioeb. ucsd.edu/pages/celeste/copepods.html (Virtual Cope- 

pod Page, by C. Fowler, J. Yen, and J. Jaffe, Scripps Institu- 

tion of Oceanography.) 

http://members, aol. com/bispecies/copepoda. htm (World Bibliography 

on Subterranean Crustacea, Copepoda, by B. Lebreton and 

D. Defaye.) 

www.nmnh.si.edu/iz/copepod (The World of Copepods, Smithson- 
ian National Museum of Natural History.) 

MAXILLOPODA: MYSTACOCARIDA 
Lombardi, J., and Ruppert, E. E. 1982. Functional morphology 

of locomotion in Derocheilocaris typica. Zoomorphology 

100:1-10. 

Pennak, R. W., and Zinn, D. J. 1943. Mystacocarida, a new order 

of Crustacea from intertidal beaches in Massachusetts and 

Connecticut. Smithson. Misc. Collect. 103:1-11. 

MAXILLOPODA: TANTULOCARIDA 
Boxshall, G. A. 1991. A review on the biology and phyloge- 

netic relationships of the Tantulocarida, a subclass of 

Crustacea recognized in 1983. Verh. Dtsch. Zool. Ges. 

84:271-279. 

Boxshall, G. A., and Lincoln, R. J. 1983. Tantulocarida, a new 

class of Crustacea ectoparasitic on other crustaceans. 

J. Crust. Biol. 3:1-16. 

Boxshall, G. A., and Lincoln, R. J. 1987. The life cycle of the 

Tantulocarida (Crustacea). Phil. Trans. Roy. Soc. Lond. B. 
Biol. Sci. 315:267-303. 

Huys, R. 1991. Tantulocarida (Crustacea: Maxillopoda): A new 

taxon from the temporary meiobenthos. Mar. Ecol. 

12:1-34. 

Huys, R., Boxshall, G. A., and Lincoln, R. J. 1993. The tantulo- 

caridan life cycle: The circle closed? J. Crust. Biol. 

13:432-442. 

MAXILLOPODA: ASCOTHORACIDA 
Vagin, V. L. 1946. Ascothorax ophioctenis and the position of 

Ascothoracida in the system of the Entomostraca. Acta 
Zool. 27:155-267. 

MAXILLOPODA: CIRRIPEDIA 
Anderson, D. T. 1994. Barnacles: Structure, function, develop- 

ment, and evolution. Chapman and Hall, London. 357 pp. 

Crisp, D. J., and Bourget. E. 1985. Growth in Barnacles. Adv. 

Mar. Biol. 22:199-244. 

Darwin, C. 1851-1854. A Monograph on the Subclass Cirri- 

pedia. Ray Society, London. (Two volumes.) 

Glenner, H. 2001. Cypris metamorphosis, injection and earliest 

internal development of the rhizocephalan Loxothylacus 

panopaei (Gissler). Crustacea: Cirripedia: Rhizocephala: 

Sacculinidae. J. Morphol. 249:43-75. 

Hqeg, J- T. 1992. Rhizocephala. In Harrison, F. W., and Humes, 

A. G. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. 

Crustacea. Wiley-Liss, New York. pp. 313-345. 

H0eg, J- T., and Lutzen, J. 1995. Life cycle and reproduction in 

the Cirripedia Rhizocephala. Oceanogr. Mar. Biol. Ann. 

Rev. 33:427-485. 

Newman, W. A. 1989. Juvenile ontogeny and metamorphosis in 

the most primitive living sessile barnacle, Neoverruca, from 

abyssal hydrothermal springs. Bull. Mar. Sci. 45:467-477. 

Newman, W. A., and Ross, A. 1976. Revision of the bal- 

anomorph barnacles; including a catalog of the species. 

San Diego Soc. Nat. Hist. Mem. 9:1-108. 

Perez-Losada, M., H0eg, J. T., Kolbasov, G. A., and Crandall, K. A. 

2002. Reanalysis of the relationships among the Cirripedia 

and the Ascothoracida and the phylogenetic position of the 

Facetotecta (Maxillopoda: Thecostraca) using 18S rDNA 

sequences. J. Crust. Biol. 22:661-669. 

Ritchie, L. E., and H0eg, J. T. 1981. The life history of 

Lernaeodiscus porcellanae and coevolution with its porcellanid 

host.J. Crust. Biol. 1:334-347. 

Stubbings, H. G. 1975. Balanus balanoides. LMBC Memoirs on 

Typical British Marine Plants and .Animals, no. 37. Liver- 

pool University Press, Liverpool. 174 pp. 

Tomlinson, J. T. 1969. The burrowing barnacles (Cirripedia: 

Order Acrothoracica). Bull. U.S. Nat. Mus. 269:1-162. 
Walker, G. 1992. Cirripedia. In Harrison, F. W., and Humes, A. G. 

(Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. 

Crustacea. Wiley-Liss, New York. pp. 249-311. 

Walley, L. J. 1969. Studies on the larval structure and metamor- 

phosis of the cypris larva of Balanus balanoides. Phil. Trans. 

Roy. Soc. Lond. B 256:237-280. 

Wells, H. W., and Tomlinson, J. T. 1966. A new burrowing barna- 

cle from the Western Atlantic. Q. J. Florida Acad. Sci. 

29:27-37. 

Internet Sites 
wiow. vattenkikaren. gu. se/fakta/arter/crustace/cirriped/cirmaup/cirmae. 

html (Aquascope: Cirripedia Nauplius Larvae, Tjarno Marine 

Biological Laboratory.) 

wiow. museum, vic.gov. au/crust,/barngall. html (Barnacles of South- 

ern Australia. With a photo gallery.) 

www.barnacle.com (Barnacle Dive Center: About Barnacles: 

Moacir Apolinario: Brief History.) 

WWW 2. adm. ku. dk/kutest/puf_www3.forf_pub_personid ?p_person_id 

= 4767 (Bibliography of J. T. Hoeg, University of Copen- 

hagen.) 

www2. adm.ku. dk/kutest/puf_www3.forf_pub_personid ?p_person_ id= 

8035 (Bibliography of J. G. Lytzen, University of Copen- 

hagen.) 



References 701 

MAXILLOPODA: OSTRACODA 
Cohen, A. C. 1982. Ostracoda. In Parker, P. (Ed.): Synopsis and 

Classification of Living Organisms. Vol. 2. McGraw-Hill, 
New York. pp. 191-192. 

Delorme, L. D. 2001. Ostracoda. In Thorp, J. H., and Covich, A. P. 
(Eds.): Ecology and Classification of North American 
Freshwater Invertebrates. Academic Press, San Diego, pp. 
811-848. 

Maddocks, R. F. 1992. Ostracoda. In Harrison, F. W., and Humes, 
A. G. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 9. 
Crustacea. Wiley-Liss, New York. pp. 415-441. 

Internet Sites 
nrww.uh.edu/~rmaddock/IRGO/irgohome.html (International Research 

Group on Ostracoda, by R. F. Maddocks, University of 
Houston.) 

ivww.gre. ac. uk/'schools,/mi/'earth,/ostracod/introduction, html (Introduc- 
tion to Ostracoda, by the Ostracod Research Group.) 

www. ru. ac.za/academic/departmen ts/zooento/Martin/1aostracoda. html 
(The Non-Marine Ostracods (Ostracoda) of Southern 
Africa, by K. Martens, Royal Belgian Institute of Natural Sci- 
ences.) 

MAXILLOPODA: BRANCHIURA 
Cressey, R. F. 1972. The genus Argulus (Crustacea: Branchiura) 

of the United States. Biota of Freshwater Ecosystems, Iden- 
tification Manual 2. U.S. Environmental Protection Agency, 
Washington, DC. 14 pp. 

Cressey, R. F. 1978. Crustacea: Branchiura. Marine Flora and 
Fauna of the Northeastern United States. NOAA Tech. 
Report NMFS Circular 414. U.S. Government Printing 
Office, Washington, DC. 10 pp. 

Mikheev, V. N., Mikheev, A. V., Pasternak, A. F„ and Valtonen, E. T. 
2000. Light-mediated host searching strategies in a fish 
ectoparasite, Argulus foliaceus L. (Crustacea: Branchiura). Par- 
asitology 120:409-416. 

Overstreet, R. M., Dykova, I., and Hawkins, W. E. 1992. Branchiura. 
In Harrison, F. W., and Humes, A. G. (Eds.): Microscopic 
Anatomy of Invertebrates. Vol. 9. Crustacea. Wiley-Liss, New 
York. pp. 385-413. 

Internet Sites 
wivw.tamut.edu/~allard/Biology/photos/argulus.htm (Argulus page, 

Texas A & M University.) 
www.fishdoc.co.uk/disease/argulus.htm (FishDoc: Argulus—the Fish 

Louse.) 
www.science.siu.edu/zoology/gradstudents/poly/argulus.html (Argulus, 

by W.J. Poly, Southern Illinois University at Carbondale.) 
www.nmnh.si.edu/iz/copepod (The World of Copepods: Smithson- 

ian National Museum of Natural History.) 
http://www-biol.paisley.ac.uk/home.htm (Biomedia Zoology Museum: 

Crustacea: Class Branchiura.) 

MAXILLOPODA: PENTASTOMIDA 
Able, L. G., Kim, W., and Felgenhauer, B. E. 1989. Molecular 

evidence for inclusion of the phylum Pentastomida in the 
Crustacea. Mol. Biol. Evol. 6:685 — 691. 

Barnes, R. D., and Harrison, F. W. 1993. Introduction to the Ony- 
chophora, Chilopoda, and lesser Protostomata. In Harrison, 
F. W., and Rice, M. E. (Eds.): Microscopic Anatomy of Inver- 
tebrates. Vol. 12. Onychophora, Chilopoda, and Lesser Pro- 
tostomata. Wiley-Liss, New York. pp. 1-9. 

Riley, J. 1983. Recent advances in our understanding of penta- 
stomid reproductive biology. Parasitology 86:59-83. 

Riley, J. 1986. The biology of pentastomids. Adv. Parasitol. 
25:45-128. 

Storch, V. 1993. Pentastomida. In Harrison, F. W., and Rice, M. E. 
(Eds.): Microscopic Anatomy of Invertebrates. Vol. 12. Ony- 
chophora, Chilopoda, and Lesser Protostomata. Wiley-Liss, 
New York. pp. 115-142. 

Internet Site 
http://www.geocities.com/parasitepics/ (Pentastomida: ParasitePics.) 



Myriapodasc 

TRACHEATAiP AND MYRIAPODAsc 

Chilopodac 

PHYLOGENETIC HIERARCHY 
OF CHILOPODA 

PHYLOGENY OF TRACHEATA 

PHYLOGENETIC HIERARCHY 
OF TRACHEATA 

Symphylac 

Diplopodac 

PHYLOGENETIC HIERARCHY 
OF DIPLOPODA 

Pauropodac 

702 



TracheatalP and MyriapodaS( 703 

TRACHEATAiP AND MYRIAPODAsc 

Hexapods (insects), centipedes, and millipedes, along with 

their less well-known relatives the pauropods and symphylans, 

form a taxon known as Tracheata, which is one of the two 

great taxa of terrestrial arthropods (the other being Arach- 

nida). The ancestral tracheate was a terrestrial mandibulate 

with tracheae and a body consisting of a series of similar, 

unspecialized segments like those of some Recent centipedes. 

In the tracheate ground plan, the head bears a single pair of 

antennae on its first segment (Fig. 20-1). Uniquely, the second 

head segment (intercalary segment) is vestigial and in the adult 

bears no appendages, although they appear briefly during 

development. Thus, the second pair of antennae, characteristic 

of crustaceans, is absent (Fig. *16-3). Gas exchange is via tra- 

cheae, and a pair of spiracles serves each segment. Excretion is 

accomplished by Malpighian tubules in the trunk and paired 

saccate nephridia (coxal glands) in head segments 4 and 5, 

which are the segments of the maxillae/labium. Tomdsvary 

organs (TIM-ish-vary), or their homologs, on the head are prob- 

ably hygroreceptive (humidity) or chemoreceptive. Sexes are 

separate, fertilization is internal, and sperm transfer is indirect 

with spermatophores. Malpighian tubules, tracheae, and inter- 

nal fertilization with indirect sperm transfer and sper- 

matophores evolved independently in tracheates and arachnids 

as adaptations for life on land. 

Four tracheate taxa (traditionally considered to be classes), 

the centipedes, millipedes, pauropods, and symphylans, form 

a taxon of about 13,000 species of related animals known as 

Myriapoda. These tracheates have a body composed of a head 

and an elongate trunk with many leg-bearing segments, 

but the trunk is not divided into a thorax and abdomen. On 

the head is one pair of antennae. Median ocelli are absent in 

myriapods, but simple lateral eyes, perhaps derived from 

compound eyes, are present in centipedes and millipedes. 

These consist of a few loosely scattered ommatidia, but there is 

no crystalline cone. Symphylans and pauropods have no eyes. 

Anteriorly on the head is the labrum (upper lip), forming 

the roof of the preoral cavity (Fig. 20-2A,C, 20-3). The mouth- 

parts lie on the ventral side of the head. The lower lip, which 

closes the preoral cavity posteriorly, is formed by the first 

or second maxillae, depending on the taxon. Two mandibles 

flank the mouth and a fleshy hypopharynx lies posterior to the 

mouth in the preoral cavity (Fig. 20-3). The hypopharynx is a 

median, unpaired fold of the body wall, not an appendage. 

Gas exchange is accomplished by a tracheal system in 

which the spiracles usually cannot be closed, thus providing 

an ever-present avenue for the unavoidable loss of watei. 

Myriapods are not as well adapted to terrestrial environments 

as insects are. Excretion takes place through Malpighian 

tubules, but saccate nephridia (coxal glands) of uncertain 

function are also present. The heart is a dorsal tube extending 

the length of the trunk and having a pair of ostia in each seg- 

ment, but branching arteries are rarely present. The typically 

arthropodan nervous system is not stiongly cephalized. It 

includes a tripartite syncerebrum, circumenteric connectives, 

and a small subesophageal ganglion. The ventral nerve cord 

contains a pair of ganglia in each segment. Indii ect sperm 

transfer by spermatophores is highly developed, and the myri- 

apods parallel the arachnids in many aspects of this piocess. 

Most myriapods require a humid environment because 

their relatively permeable epicuticle is not waterproof and 

usually lacks the lipid and wax characteristic of spiders and 

insects. What lipids are present may be more important in 

repelling water from the outside (functioning as a hydrofuge) 

than in reducing water loss from the inside. The widely distrib- 

uted myriapods live beneath stones and wood and in soil and 

humus in both temperate and tropical regions. 

CHILOPODAc 

Although the name promises 100 legs, chilopods, or cen- 

tipedes (centi = 100, ped = foot) have between 15 and 191 

pairs of legs but, since the number of pairs is always odd, 

none has exactly 100. Centipedes are, along with millipedes, 

the most familiar myriapods. They are distributed throughout 

the world in both temperate and tropical regions from sea 

level to high elevations in soil and humus; beneath stones, 

bark, and logs; and in caves and mosses. Most are nocturnal, 

some are intertidal. Centipedes are poison-fanged raptors, 

and some large species will bite humans. The 2800 described 

species are assigned to five taxa. 

Diversity of Chilopoda 
Scutigeromorpha0; Long legs, long antennae, well-devel- 

oped pseudofaceted eyes (Fig. 20-1C). Some live in and 

around buildings. Scutigera coleoptrata, the cosmopolitan 

house centipede, is sometimes found trapped in an 

(empty) bathtub or washbasin or seen scurrying across the 

floor. Have 15 pairs of legs; extremely fast, fast enough to 

catch flies. Spiracles are dorsal, on the tergites (unique). 

Open-ground hunters rely on speed to capture prey. Earli- 

est known centipede fossils are scutigeromorphs from the 

late Silurian. 

Lithobiomorpha0 (stone centipedes; Fig. 20-ID): Robust, 

flat. Inhabit enclosed spaces among stones, in soil, under 

bark. Lithobius. 

Geophilomorpha0 (earth centipedes): Long, threadlike, 

adapted for living in soil (Fig. 20-1B). Have 27 to 191 pairs of 

legs, the most of any centipede. Blind. Unlike other cen- 

tipedes, all tergites are the same length rather than alter- 

nately long and short. Dicellophilus, Stigmatogaster. 
Scolopendromorpha0 (Fig. 20-1 A): Large, heavy-bodied, 

flattened. In crevices, beneath stones, under bark and logs, 

in soil. Otocryptops, Scolopendra. 
Craterostigmomorpha0: One described species, Craterostig- 

mus tasmanianus, from Tasmania, and an undescribed species 

from New Zealand. Have 21 tergites and 15 pairs of legs. 

Form 
Scolopendra gigantea, a tropical American scolopendromorph 

that reaches 30 cm in length, is the largest known centipede. 

Many other tropical species, usually scolopendromorphs, 

exceed 20 cm, but most North American and European 

centipedes are 3 to 6 cm long and the smallest are about 1 cm. 

Temperate-zone centipedes typically are reddish brown, but 

many tropical species, especially the scolopendromorphs, are 

red, green, yellow, blue, or a combination of colors. 
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FIGURE 20-1 Chilopoda. Representatives of the four 

common centipede taxa. A, Otocryptops sexspinnosa, 

a scolopendromorph. B, An unidentified geophilomorph. 

C, Scutigera coleoptrata, the common house centipede, 

a scutigeromorph. The small black spot at the posterior 

margin of each tergite is a spiracle. D, Lithobius, 

a lithobiomorph. (All after Snodgrass, R. E. 1952. A Textbook 

of Arthropod Anatomy. Cornell University Press, Ithaca, New York) 
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The head is covered by a rigid, sclerotized cephalic shield 

(Fig. 20-2A) and tends to be flattened in most centipedes, 

although the scutigeromorph head is nearly spherical. Anten- 

nae may be long or short. Centipedes are trignathic (= three 

“jaws,” or mouthparts), having mandibles, first maxillae, and 

second maxillae (Fig. 20-3). The second maxillae are larger 

than the first and bear clawlike telopodites (the movable por- 

tion of an appendage). The mouth opens from a preoral 

cavity bounded by the anterior labrum, the lateral mandibles, 

the posterior hypopharynx, and first maxillae (Fig. 20-3). Cen- 

tipedes usually have lateral clusters of loosely arranged omma- 

tidia, but many (such as geophilomorphs) are blind, and 

scutigeromorphs have ommatidia closely packed to form 

pseudofaceted eyes. 

The appendages of the first trunk segment are enlarged 

forcipules (maxillipeds, poison fangs; Fig. 20-2A,C), unique to 

centipedes. Each is curved toward the midventral line and bears 

a terminal, pointed fang that connects via a duct with a poison 

gland usually located in the telopodite. The combined coxa and 

stemite of the forcipule form a large, platelike coxosternite that 

covers the underside of the head (Fig. 20-2C, 20-3). 

The anal legs, on the last trunk segment, are variously 

modified and, unlike other legs, are not locomotory. Anal legs 

may be sensory, defensive, or aggressive, with antenniform 

(Fig. 20-1C) or pincerlike (Fig. 20-1 A) morphology. The last 

two trunk segments are the pregenital and genital segments, 

the former of which may either bear a pair of gonopods or be 

limbless. In female lithobiomorphs and scutigeromorphs, the 

gonopods are used to manipulate the eggs after laying them. 

The genital segment bears the telson. 

Between the anterior forcipules and the posterior anal legs 

are a variable number of similar uniramous legs, usually one, 

but sometimes none, per segment (Fig. 20-1). Except for the 

forcipules, anal legs, and gonopods, all of the trunk appendages 

are walking legs (Fig. 20-2D) consisting of a coxa, trochanter, 

prefemur, femur, tibia, two tarsal articles, and a claw. The coxa 

is incorporated into the pleural membrane on the side of the 

segment (Fig. 20-2E). 
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FIGURE 20-2 Chilopoda. A, The head of Scutigera coleoptrata (lateral view). B, A pair of Scutigera tracheal 
lungs seen from below between an inflected tergal membrane and the tergite itself. C, Ventral view of head of 
Lithobius forficatus. Only one forcipule (poison claw) is shown. D, Cross section of L. forficatus. E, Lateral view of 
two segments of L. forficatus. Only the basal leg segments are shown. (A and B, After Snodgrass, 1952; C, After 

Rilling, 1968; D and E After Manton, 1965; E, From Lewis, J. G. E. 1981. The Biology of Centipedes. Cambridge University 

Press, pp. 9, 11. Copyrighted and reprinted by permission of the publisher.) 
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FIGURE 20-3 Chilopoda. Sagittal section through the head and anterior trunk of the centipede Scutigera. 

(Adapted from Manton, S. M. 1965. The evolution of arthropod locomotory mechanisms. Pt. 8. Functional requirements and 

body design in Chilopoda, together with a comparative account of their skeletomuscular systems and an appendix on the 

comparison between burrowing force.1 of annelids and chilopods and its bearing upon the evolution of the arthropodan 

haemocoel. J. Linn. Soc. (Zool.) 46:251-483.) 

Each trunk segment is enclosed by a dorsal tergite, ventral 

stemite, and two lateral pleurites (Fig. 20-2D,E). The consider- 

able variation in the size and number of the tergites is correlated 

with locomotor habits. Geophilomorphs resemble annelids in 

the homonomy of their trunk segments and appendages 

(Fig. 20-1B), and there is little variation, except for the forci- 

pules and anal legs, from segment to segment. LInlike those of 

other centipedes, successive tergites are similar in size. In con- 

trast, the tergites of scutigeromorphs, lithobiomorphs, and 
craterostigmomorphs are heteronomous. Alternating tergites 

vary markedly in size so that long tergites alternate with short 

(Fig. 20-1D). In Scutigera, the long tergites may completely cover 

the short ones (Fig. 20-1C). Scolopendromorph tergites are only 

weakly heteronomous. 

Defense 
Few predators specialize in centipedes, but they are the 

occasional prey of some birds, moles, rodents, snakes, ants, 

slugs, and other centipedes. Centipede hiding places provide 

protection from predators and desiccation. Most centipedes, 

other than scutigeromorphs, are nocturnal and emerge at 

night to hunt for food or new living quarters. Scolopendro- 

morphs construct a burrow system in soil or beneath stones 

and logs, with a chamber into which the animal retreats. 

In addition to the poison forcipules, centipedes have other 

adaptations for defense. Some scolopendromorphs pinch with 

their anal legs. Many species autotomize legs to escape preda- 

tors. Anal legs are especially likely to be cast off. Autotomized 

appendages often continue to twitch, presumably to distract 

a predator while the centipede quietly escapes. Tost legs are 

replaced by the next molt. Many scolopendromorphs and 

geophilomorphs have repugnatorial glands on the ventral side 

of each segment. Most centipedes have coxal organs (not to 

be confused with coxal glands, which are saccate nephridia) in 

the posterior coxae; their function is unknown, but may be 

defensive. Some lithobiomorphs produce sticky secretions 

from glands in the anal legs. Centipedes usually are drab 

colors that blend with the environment. 

Locomotion 
Two taxa are adapted for running. The scolopendromorphs 

(Fig. 20-1A) have long legs, all of approximately the same 

length, and correspondingly long strides. The scutigeromorphs 

(Fig. 20-1C) can run three times faster, however, and many of 

their structural peculiarities are associated with the evolution of 

a rapid gait. Scutigera is capable of speeds of at least 40 cm/s. In 
scutigeromorphs, the leg’s effective stroke is faster than the 

recovery stroke, unlike in the scolopendromorphs, whose 

strokes are equal in duration. Moreover, scutigeromorphs have 

a markedly progressive increase in leg length from anterior to 

posterior, which enables the posterior legs to step to the outside 

of the anterior legs, reducing interference. For example, in 

Scutigera the posterior legs are twice as long as the first pair. 

To overcome the tendency to undulate laterally, the trunk 

is strengthened by alternately long and short tergites in the 
lithobiomorphs and by a reduced number of large, overlap- 

ping, tergites in the scutigeromorphs. Finally, the annulated, 

flagella-like distal leg segments of the scutigeromorphs enable 
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FIGURE 20-4 Chilopoda. Internal structure of the centipede 
Lithobius. (From Kaestner, A. 1968. Invertebrate Zoology. Vol. II. 

Wiley-Interscience, New York.) 

the animal to place a long section of the end of the leg against 

the substratum, very much like a foot, to increase friction and 

reduce slippage. 

In contrast to other centipedes, the wormlike geophilo- 

morphs are adapted for burrowing through loose soil or humus 

(Fig. 20-1B). The pushing force required is provided not by the 

legs, as in millipedes, but by extension and contraction of the 

trunk, as in earthworms. A British species of Stigmatogaster, for 

example, can increase its body length by as much as 68%. 

Powerfully developed longitudinal muscles of the body wall, an 

elastic pleural wall, an increased number of segments, and small 

sclerites between the large sclerites all facilitate great extension 

and contraction of the trunk in burrowing. The short legs 

anchor the centipede when it is in its burrow, as the chaetae of 

earthworms do. Geophilomorphs walk with their legs, but there 

is little overlapping leg movement. 

Internal Form and Function 
Almost without exception, centipedes are predaceous. Small 

arthropods form the major part of their diet, but there are 

numerous reports of large scolopendromorphs feeding on 

vertebrates such as frogs, toads, snakes, lizards, birds, and 

mice. Some centipedes, especially geophilomorphs, feed on 

earthworms, snails, and nematodes. Prey is detected and 

located with the antennae, or with the legs and eyes in Scutig- 

era, and then captured and killed or stunned with the forci- 

pules. Scolopendra attacks glass beads smeared with food 

extract immediately upon making contact with its antennae, 

and Lithobius will not feed if deprived of its antennae. Scutig- 

era uses its long, flexible, multiarticulated tarsi as lassos to 

capture prey. An individual may capture several flies at once 

and hold them with the tarsi while it dispatches each, in 

turn, with its forcipules. 

Large tropical centipedes are often feared, but the 

venom of most species, although painful, is not lethal to 

healthy adult humans, and usually not to children. In fact, 

the forcipules of most centipedes are incapable of penetrat- 

ing human skin. The bite of large species is rarely serious 

and is generally similar to a severe sting from a yellowjacket 

or hornet. Reports of fatalities from older literature are dif- 

ficult to authenticate, but a large species of Scolopendra in 

the Solomon Islands apparently causes human fatalities 

every year. Little is known of the composition of the venom 

other than that it contains serotonin and histamine in 

species of Scolopendra. 
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Following capture, the prey is held by the second maxillae 

and the forcipules while the mandibles and first maxillae 

manipulate it prior to ingestion. Some centipedes chew the piey 

whereas others suck it into the gut using the muscular pumping 

pharynx. Some geophilomorphs, which have small teeth on 

their less mobile mandibles, may partially digest theii prey in the 

preoral cavity prior to ingestion. 

The gut is a straight tube, with the foregut (pharynx and 

esophagus) occupying up to two-thirds of the body length, 

depending on the species (Fig. 20-4). Most of the remainder is 

midgut and the hindgut is short. Digestive secretions are 

provided by several buccal, mandibular, maxillary (not the 

same as maxillary nephridia), and vesicular glands associated 

with the preoral cavity and pharynx (Fig. 20-3). The midgut 

secretes a peritrophic membrane. 

Gas exchange in centipedes is accomplished by tracheae 

that, in all except the scutigeromorphs, deliver oxygen 

directly to the tissues without mediation of the blood. Spira- 

cles, with scutigeromorphs excepted, are segmental, paired, 

and situated laterally in the membranous pleural region near 

the coxae (Fig. 20-2E). Typically each segment has one pair of 

spiracles, but some segments lack them and the pattern of 

distribution varies in different taxa. Spiracles open into an 

atrium lined with cuticular hairs (trichomes), which may 

reduce water loss or prevent the entrance of dust particles. (Fig 

20-5) Tracheal tubes arise from the base of the atrium. 

Depending on the taxon, the tracheal system may be a series 

of longitudinal trunks, a network of interconnected tubes, or 

unconnected tubes. The tracheae terminate in fine, blind- 

ended tracheoles in the tissues. Centipede spiracles are not 

equipped with muscles and cannot be closed to prevent 

water loss. 

Perhaps because of their more active habits and correspon- 

ding higher metabolic rate, the tracheal system of scutigero- 

morphs differs in several respects from those of other centipedes 

and may have evolved independently. Similar tracheae are found 

in some spiders. In contrast to those of other centipedes, 

scutigeromorph tracheae apparently lack chitinous taenidia 

(supporting rings), and they supply the blood, not the tissues, 

with oxygen. Further, the spiracles are unpaired and located 

FIGURE 20-5 Chilopoda. Longitudinal section through the spiracle 

of Lithobius forficatus. (From Curry, A. 1974. The spiracle structure and 

resistance to dessication of centipedes. In Bloiver, J. G. (Ed.): Myriapoda. 

Academic Press, London, p. 368.) 

mid-dorsally, near the posterior margin of the tergites of the leg- 

bearing segments (Fig. 20-1C, 20-2B). Each spiracle opens into 

an atrium, from which extend two large tufts of short tubular 

tracheae bathed in the blood of the pericardial sinus. Blood is 

oxygenated as it passes over the tracheae immediately prior to 

entering the heart. 

As terrestrial animals with a permeable integument and spira- 

cles that cannot be closed, water conservation is a primary con- 

cern for centipedes. Malpighian tubules (Fig. 20-4), the chief 

excretory organs, produce uric acid as waste. A pair of maxillary 

nephridia (not the same as the secretory, and presumably diges- 

tive, maxillary glands) is homologous to the saccate nephridia of 

crustaceans. While they presumably are excretory, this has not 

been demonstrated, and they are found only in lithobiomorphs 

and scutigeromorphs. Each gland has two ducts to the exterior, 

indicating, perhaps, that the glands are what remain of two pairs 

of saccate nephridia, one pair for each of the two maxillary 

segments. That the two ducts open on the segments of the first 

and second maxillae is consistent with this hypothesis. 

The body cavity is a hemocoel divided by two horizontal 

diaphragms into pericardial, perivisceral, and perineural sinuses, 

as in insects (Fig. 16-7), and filled with blood (hemolymph). The 

heart is a dorsal ostiate tube extending most of the length of 

the trunk (Fig. 20-3). From the anterior end of the heart the 

anterior aorta extends into the head and a pair of vessels extend 

ventrally to a large, longitudinal supraneural vessel (Fig. 20-3). 

Paired segmental vessels exit laterally from the heart. In each 

segment the heart is supported and dilated by a pair of alary7 

muscles. The blood of Scutigera contains a respiratory pigment 

with an absorbance spectrum consistent with hemocyanin. 

Although common in crustaceans, this is the only known 

occurrence of this pigment in tracheates. 

Nervous System and Sense Organs 
The nervous system is similar to that of other myriapods (Fig. 

20-3, 20-4). Cephalization is weak and the subesophageal gan- 

glion includes only the neuromeres of the three mouthparts 

(the mandibles and maxillae 1 and 2). All the ganglia of the 

leg-bearing trunk segments are spaced along the ventral nerve 

cord (Fig. 20-4). 

All geophilomorphs, some scolopendromorphs, and some 

lithobiomorphs lack eyes of any sort. Other centipedes have 

from few to many lateral ommatidia. In most, scutigero- 

morphs excepted, the ommatidia are few in number and 

loosely clustered, but never touching, on the side of the head. 

Median eyes are absent in centipedes. Most centipedes are 

nocturnal and negatively photo tactic. 

In scutigeromorphs, which are diurnal hunters, the 

ommatidia are tightly clustered and organized to form pseu- 

dofaceted eyes resembling, but probably not homologous 

with, the compound eyes of insects. The contiguous omma- 

tidia, of which there may be as many as 600, form a compact 

group on each side of the head. In Scutigera, the combined 

corneal surface is strongly convex (Fig. 20-2A), as it is in 

the compound eyes of insects and crustaceans. There is no 

evidence, however, that the compound eyes of Scutigera or 

the eyes of any other centipedes do more than simply detect 

light, dark, and movement. Scutigera makes effective use of 

its eyes to detect motion and capture fast-moving insects. 
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A pair of Tomdsvary organs is on the head at the base of the 

antennae in lithobiomorphs, scutigeromorphs, and craterostig- 

momorphs. Each consists of a sunken cuticular disc surrounded 

by a groove and a central pore in which sensory dendrites con- 

verge. Although long assumed to be olfactory, they have re- 

cently been shown to be hygroreceptors for detecting humidity. 

Hygroreception is a valuable ability indeed for a terrestrial ani- 

mal dependent on moisture to avoid death by dehydration. 

Centipedes have various types of sensory setae and other 

cuticular sensory structures on the antennae, mouthparts, 

body surface, and other parts of the body. These sensilla have 

been shown to have chemoreceptive, mechanoreceptive, and 

thermoreceptive capabilities. The long, antenniform anal legs 

of many centipedes have a sensory function, especially in 

lithobiomorphs and scutigerofnorphs (Fig. 20-1C). 

Reproduction and Development 
Females have a single, tubular ovary located above the gut. Its 

oviduct opens through a median genital atrium and gonopore 

on the ventral surface of the genital segment. A pair of seminal 

receptacles also opens into the genital atrium. In the male, from 

one to many testes are located above the midgut (Fig. 20-4). 

Testes are connected to a pair of sperm ducts, which open 

through a median gonopore on the ventral side of the genital 

segment. In scutigeromorphs, lithobiomorphs, and geophilo- 

morphs, the genital segment of both sexes carries modified 

appendages called gonopods that function in reproduction. 

Sperm transmission is indirect in centipedes, as it is in 

other myriapods. Except in scutigeromorphs, the male 

constructs a little web of silk strands (Fig. 20-6A) secreted by 

a spinneret located on the genital segment. A spermatophore, 

which may be several millimeters in diameter, is placed on 

the web. The female picks up the spermatophore with her 

gonopods and puts it in her gonopore. In both sexes the 

gonopods aid in handling the spermatophore. 

Species-specific courtship behavior occurs in many cen- 

tipedes. The posterior coxal organs of lithobiomorphs pro- 

duce a phenolic pheromone attractive to conspecifics. Males 

and females produce different pheromones, suggesting that 

attraction is also gender specific. Males usually do not pro- 

duce a spermatophore until a female is encountered. Sexual 

partners may palpate each other’s posterior ends with their 

antennae while moving in a circle. This behavior may con- 

tinue for as long as an hour before the male spins his web 

and deposits a spermatophore. Following spermatophore 

deposition, the male “signals” the female in various ways. 

For example, in species of Lithobius, the male straddles the 

web and spermatophore with his anal legs while stroking the 

female’s antennae with his own (Fig. 20-6B). She responds 

by crawling across the web and picking up the sper- 

matophore. 

Scolopendromorphs and geophilomorphs brood their eggs 

in clusters of 15 or more. A female excavates in decayed wood 

or soil a cavity in which she lays her eggs. Inside the cavity she 

wraps herself around the egg mass and guards the eggs during 

their development through hatching and dispersal of the 

young (Fig. 20-6C). Female lithobiomorphs and scutigero- 

morphs carry the eggs between the gonopods for a short time 

and then deposit them singly in the soil. 

C 

FIGURE 20-6 Chilopoda. A, Web and spermatophore of Lithobius 

forficatus. B, Male L. forficatus with its posterior end over the web, 

signaling the female to pick up the spermatophore. C, A female of 

Scolopendra brooding her eggs. (A and B, After Klingel, 1960, from Lewis, 

J. G. E. 1981. The Biology of Centipedes. Cambridge University Press, London, 

p. 281; C, After Brehm, from Lewis, J. G. E. 1981. The Biology of Centipedes. 

Cambridge University Press, London, p. 272.) 

In the brooding taxa Scolopendromorpha and Geophilo- 

morpha, development is direct (epimorphic) and the young 

have the full complement of segments when they hatch. 

Development in Fithobiomorpha and Scutigeromorpha is 

indirect (anamorphic), but the hatchlings have only some of 

the adult complement of segments. For example, newly 

hatched Scutigera have 4 pairs of legs and in the subsequent 

six molts pass through stages with 5, 7, 9, 11, and 13 pairs 

until they become adults with 15 pairs. The craterostigmo- 

morph hatching stage has all legs except the last pair. 

The life span of many centipedes is from four to six years 

or more. 
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PHYLOGENETIC HIERARCHY OF CHILOPODA 
Chilopoda 

Scutigeromorpha 

Pleurostigmomorpha 

Epimorpha sensu lato 

Craterostigomorpha 

Epimorpha sensu stricto 

Scolopendromorpha 

Geophilomorpha 

Lithobiomorpha 

SYMPHYLAC 

Symphyla is a small taxon of approximately 160 described 

species of moist soil and leaf litter found in most parts of the 

world. Their permeable cuticle restricts them to humid habitats. 

Symphylans are small, 1 to 8 mm in length, white, weakly 

sclerotized, and superficially similar to centipedes in being 

elongate and multisegmented (Fig. 20-7A). Symphylans also 

resemble hexapods in several respects, but the similarities may 

be due to convergence. The antennae are situated laterally on 

the head (Fig. 20-7B). Like chilopods, symphylans are 

trignathic, having three pairs of mouthparts. Ventrally the 
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FIGURE 20-7 Symphyla. A, Scutigerella immaculata, dorsal view. B, The head of Hanseniella, lateral view. 

C, Ventral view of the head of S. immaculata. D-E, Female of Scutigerella removing an egg from the gonopore 
with her mouthparts and attaching it to moss. When carried by the mouthparts, the egg is smeared with semen 
stored in buccal pouches. (A — C, After Snodgrass, 1952; D and E, AfterJuberthie-Jupeau.) 
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weak, biarticulate mandibles are covered by a pair of long first 

maxillae. The second maxillae are fused to form a labium 

(Fig. 20-7C) similar to that of the hexapods, although this may 

be a convergence. The mouthparts enclose a preoral cavity. 

Eyes are absent, but a well-developed Tomosvary organ is 

present at the base of each antenna (Fig. 20-7B). 

All symphylans have a trunk with 14 segments covered by 15 

to 24 tergites. The additional tergites are thought to increase 

the flexibility of the trunk and facilitate movement through 

small spaces. Trunk segments 1 through 12 bear walking legs, 

segment 13 bears a pair of spinnerets, and 14 bears a pair of 

trichobothria (Fig. 20-7D). Silk glands open through pores on 

the spinnerets, which are thought by some to be homologous 

to insect cerci. The trunk terminates in a tiny, oval telson (Fig. 

20-7A). Attached to the body wall at the base of most legs are 

an eversible coxal sac and a small process, the stylus, both of 

which are present in primitive hexapods. The coxal sacs, which 

take up moisture, may also have a respiratory function. The 

function of the stylus is unknown, although it may be sensory. 

Symphylans are vulnerable to low humidity and desiccation. 

The trunk structure, especially the additional tergites, which 

increase dorsoventral flexibility, is undoubtedly correlated with 

the locomotor habits of these animals. Many symphylans run 

rapidly and can twist, turn, and loop their bodies when crawling 

through crevices within humus. This ability is probably an adap- 

tation for escaping predators in the network of living and 

decayed vegetation in which they live and feed. Scutigerella feeds 

on plant roots and can be a serious pest to vegetable and flower 

crops, especially in greenhouses. It has been widely, albeit 

inadvertently, distributed by the worldwide shipping of plants. 

Two Malpighian tubules are the major excretory organs. 

One or two pairs of saccate nephridia located in the segments 

of the first and second maxillae are known as maxillary 

nephridia. The heart is a dorsal tube extending from segments 

6 through 12, but it has only one pair of ostia. The two spiracles 

of the only pair of tracheae are on the sides of the head (Fig. 

20-7B), an unusual position for them. The tracheae supply only 

the head and first three trunk segments. Posterior tracheae, 

presumably present in the tracheate ground plan, have been 

lost. There being no eyes, the optic nuclei of the protocere- 

brum are vestigial, but the protocerebrum also serves the 

Tomosvary organs. Cephalization is weak, and the subeso- 

phageal ganglion includes only the ganglia of the three pairs 

of mouthparts. Twelve pairs of segmental ganglia, one for each 

pair of legs, are arrayed along the ventral nerve cord. 

Symphylans are gonochoric and sperm transmission is 

indirect with spermatophores. Fertilization is external. The 

unpaired, median gonopore is located ventrally on the fourth 

trunk segment. Copulatory behavior in Scutigerella is most 

unusual. The male deposits 150 to 450 spermatophores each at 

the end of a stalk. Upon encountering a spermatophore, the 

female takes it into her preoral cavity and bites off the stalk. 

Sperm are stored in a pair of seminal receptacles associated with 

the preoral cavity. Later the female extrudes an egg from the 

gonopore on segment 4 and glues it to a moss gametophyte, 

a lichen, or in a crevice and then fertilizes it with sperm from the 

seminal receptacle (Fig. 20-7D,E). Eggs are usually laid in 

clusters of 8 to 12. Parthenogenesis is common in symphylans. 

The role of the silk glands and spinnerets in reproduction is 

unknown. Development is indirect and, on hatching, the young 

have only six or seven pairs of legs. A new pair of appendages is 

added with each molt. Scutigerella immaculata lives for as long as 

four years and molts throughout life. 

DIPLOPODA0 

Diplopods are commonly known as millipedes, a name that 

implies possession of 1000 legs, although no known species has 

more than 710 and most have far fewer. Even so, millipedes have 

the most legs of any terrestrial animal. Diplopods are secretive, 

nocturnal detritivores that subsist on decaying vegetation. Nega- 

tively phototactic, they avoid light and live beneath leaves, stones, 

bark, and logs. Millipedes are common in soil and leaf litter and 

many are cave dwellers. They vary from 2 mm to almost 30 cm in 

length. Estimated to contain about 10,000 extant described 

species, Diplopoda is the largest myriapod taxon, and specialists 

estimate there could be as many as 80,000 species alive today, 

70,000 of them as yet unknown. Their distribution is cosmopoli- 

tan, but they are especially abundant in the tropics. 

Diversity of Diplopoda 
Penicii!ataso (bristly millipedes, Polyxenida): Very small 

(< 4 mm), distinctly bristly due to unique lateral and 

posterior tufts of serrate setae (Fig. 20-8B). The most primi- 

tive millipedes and those most like the diplopod ground 

plan. Cuticle is uncalcified, soft, flexible, unlike that of all 

other millipedes. Trichobothria are present on the head 

(but absent in all other diplopods, although present in sym- 

phylans and pauropods). Repugnatorial glands, which are 

present in at least some members of all other higher diplo- 

pod taxa, are absent. Sperm transfer is indirect, with sper- 

matophores left on a silk web. Polyxenus. 

Pentazonia50 (pill millipedes): Unlike other millipedes; 

superficially look more like crustacean pill bugs, or wood 

lice (Fig. 20-8D,E). Legs are inconspicuous. Body is short, 

strongly convex dorsally. Capable of rolling the body into 

a sphere (like pill bugs), with vulnerable ventral parts 

tucked inside and protected by the heavily sclerotized 

tergites on the outside. The resulting ball is invulnerable 

to most would-be predators. Last pair of male legs with 

enlarged telopods is used to hold the female’s vulva during 

sperm transfer. Glomeris. 

Colobognatha50 (sucking millipedes): Slow-moving colobog- 

naths are even more wormlike than thejuliforms (see below), 

although at 3 to 50 mm long they are usually much smaller. 

Body is arched dorsally. Legs are so small that they can be mis- 

taken for worms. Pointed head is narrower than body. Mouth- 

parts are reduced, mandibles are stylets used for piercing and 

sucking. Food is assumed to be decayed and partially liquefied 

vegetation. Females and occasionally males protect the eggs 

by curling around them. Polyzonium. 

Nematophoraso: Body is cylindrical, may appear flattened 

if paranota are well developed. Three setae on the dorsal 

posterior margin of the telson ring are spinnerets. Have 

a mandibular molar with a strong posterior cusp, unknown 

in other millipedes. Chordeuma. 

Merochaetaso (flat-backed millipedes, Polydesmida): Com- 

mon, widespread. Large lateral paranota create a depressed 
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FIGURE 20-8 Diplopoda. A, A polydesmid millipede (Merochaeta), Sigmoria. B, Bristly millipedes (Penici I lata) 
of the genus Polyxenus. These tiny millipedes are only 4 mm in length. The legs are obscured by the large, 
scalelike spines. C, A flat-backed millipede (Merochaeta). D, The pill millipede (Pentazonia) Glomeris. E, Glomeris 
enrolled. 

1st leg 
(2nd segment) 

FIGURE 20-9 Diplopoda. A juliform 
millipede (Juliformia). 
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FIGURE 20-10 Diplopoda. A, Ventral view of the head of Habrostrepus, a juliform millipede. B, Ventral view 
of a diplosegment of Apheloria, a flat-backed millipede. C, A diplosegment of Apheloria (transverse section). 
(All after Snodgrass, 1952.) 

appearance (Fig. 20-8A; 20-10C). Three to 130 mm long. Most 

have 20 diplosegments. Apheloria, Polydesmus, Sigmoria. 

Juliformiaso (worm millipedes): The most common, famil- 

iar millipedes. Cylindrical, smooth, shiny, often large, with 

elongate, wormlike bodies (Fig. 20-9). The largest milli- 

pedes, with some reaching 30 cm in length. To facilitate 

movement through the substratum, the collum is enlarged 

and covers part of the head capsule and anterior trunk. 

Repugnatorial secretions contain benzoquinones that are 

unique in millipedes but common in other arthropods. 

Cylindroiulus, Narceus. 

Form 
The exoskeleton of most millipedes is heavily calcified. The 

body typically is long and cylindrical (Fig. 20-9), but in many it 

may appear to be depressed because of shelflike paranota 

(sing., paranotum) projecting laterally from the tergites (Fig. 

20-10C). Like that of other myriapods, the body is divided into 

a head and multisegmented trunk. The head tends to be 

convex dorsally and flattened ventrally (Fig. 20-9). It bears 

Tomosvary organs and, in some species, lateral clusters of 

from 4 to 90 loosely arranged, poorly developed lateral omma- 

tidia. The first head appendages are the short antennae, 

which always have eight articles with four large, chemorecep- 

tive cones at the tip of the eighth. 

Dignatha, a taxon consisting of millipedes and pauropods, 

has two pairs of mouthparts, rather than the three of the stem 

tracheates. These are the mandibles and the gnathochilarium 

(in millipedes; Fig. 20-10A) or lower lip (in pauropods). Spe- 

cialists disagree about how the number of mouthparts became 

reduced in Dignatha. Some believe the gnathochilarium to be 

the fused first maxillae and the second maxillae to have been 

lost, whereas others think it is formed of the combined first and 

second maxillae. That only one pair of nerves innervates it sup- 

ports the first hypothesis. Whatever its origin, the characteristic 

diplopod gnathochilarium is a single piece formed of fused 

right and left appendages (Fig. 20-9, 20-10A). It is a broad, flat- 

tened plate attached to the posterior, ventral surface of the 

head. It bears distal sensory palps and forms the floor and pos- 

terior wall of the preoral cavity. It is sensory and bears six short 

apical pegs covered with chemoreceptive sensilla. The heavily 

sclerotized, biarticulate mandibles are responsible for tritura- 

tion (Fig. 20-10A). Their medial edges bear teeth and a rasping 

surface whereas the heavy convex bases cover the sides of the 

head (Fig. 20-11). 

Externally, the trunk consists of a series of segmentlike 

cuticular rings. Most rings are diplosegments, derived during 

development from the fusion of two segments. Most diploseg- 

ments bear two pairs of legs, from which the name Diplopoda is 

derived, and two pairs of spiracles (fig. 20-10B,C). This 

doubled condition is also evident internally, for there are two 
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FIGURE 20-11 Diplopoda. Lateral view of the head and anterior trunk 
segments of the juliform millipede Narceus. (After Buck and Keister, 1950) 

pairs of ganglia and two pairs of ostia within each ring. Ring 1 

is the legless collum, which is covered by an enlarged tergite 

forming a large collar behind the head (Fig. 20-9). It is not 

a diplosegment. Rings 2, 3 and 4 each bear a single pair of 

appendages, ganglia, ostia, and spiracles and probably are not 

diplosegments. The legs consist of the typical myriapod articles. 

In most taxa, one or both legs of the seventh ring are gonopods 

modified to transfer sperm from the male to the female. The 

body terminates in the telson, on which the anus opens ven- 

trally. Some posterior rings are limbless. 

The exoskeleton of each ring is formed of the usual sclerites 

(Fig. 20-10C), and in primitive diplopods the tergite, sternite, 

and two pleurites of each ring may be separate and distinct. In 

the flat-backed and juliform millipedes the four sclerites are 

fused, and in the juliforms, they form a nearly cylindrical ring. 

In most millipedes the integument, especially the tergites, 

is hard and, like that of many crustaceans, impregnated with 

calcium salts. The surface is often smooth, but in some taxa, 

the tergites have ridges, tubercles, spines, or isolated bristles 

and in the little, soft-bodied polyxenids (Penicillata) the sides 

bear conspicuous tufts of setae (Fig. 20-8B). 

Diplopods vary greatly in size. Penicillata contains minute 

forms, with some species of Polyxenus being only 2 mm long. 

The largest millipedes are tropical species of the family 

Spirostreptidae (Juliformia), which may be 30 cm long. 

Locomotion 
Most millipedes are like bulldozers crawling slowly about over 

the ground or, more frequently, pushing their way through 

loose particulate substrata. Unlike the alternating pattern of 

stepping that characterizes centipedes and most other arthro- 

pods, the effective stroke of the legs on one side of the body of 

millipedes coincides with those on the opposite side. Diplopod 

gaits, although slow, exert a powerful force, enabling the animal 

to push through humus, leaves, and loose soil. The force is 

exerted entirely by the legs, and the diplosegmented structure 

is probably an adaptation for maximizing the force exerted. 

The backward, pushing stroke is activated in waves along the 

length of the body and is of a longer duration than the forward 

stroke. Thus, at any moment, more legs are in contact with the 

substratum than are raised. The number of legs involved in 

a single wave is proportional to the amount of force required 

for pushing. When the animal is running, for example, 12 or 

fewer legs may cofnpose a wave, but when pushing, a single 

wave may involve as many as 52 legs in some juliform 

millipedes. 

Locomotion and pushing mechanisms are correlated with 

the shape of the animal, and five ecomorphological types of 

millipedes, roughly corresponding to the higher millipede 

taxa, are recognized. 

1. Bulldozers: The head-on pushing habit is most highly 

developed in the juliform millipedes (Fig. 20-9), which 

burrow headfirst into relatively compact leaf litter and soil. 

This habit is reflected in their smooth, fused, rigid cylindri- 

cal segments that have no projections to snag leaves or 

debris; the rounded head; and the placement of the legs 

close to the midline of the body. 

2. Flat wedgers (flat-backed millipedes, Merocheata: Poly- 

desmida): These powerful millipedes push with the flat 

dorsal surface of the back to widen cracks that open along 

a single plane, such as between leaves or under bark. The 

lateral, shelflike paranoia increase the dorsal surface 

available for pushing (Fig. 20-8A,C, 20-10C). The paranota 

provide a protected working space for the more laterally 

placed legs. The tapered anterior end is pushed into 

a small crevice and then the legs push the rest of the 

animal into the crack, wedging it wider so that the animal 

can advance into the space. 

3. Borers (round wedgers, Colobognatha): These are wedgers 

of a different type, adapted for pushing into substrata com- 

posed of small, irregular mineral or organic particles that 

do not split along planes but can be pushed aside. The 

body is tapered anteriorly and the legs force the small head 

and anterior rings into a circular crevice. Larger posterior 

rings are pulled forward to telescope over the anterior 

rings. Then the legs are used to anchor the millipede and 

push the small anterior rings farther into the crevice. 

4. Rollers (pill millipedes, Pentazonia): Essentially bulldozers, 

these animals have the additional ability to enroll into a 

ball (Fig. 20-8E) in a manner reminiscent of terrestrial pill 

bugs (Isopoda). They do this for protection or to decrease 

desiccation. 

5. Bark dwellers (bristly millipedes, Penicillata: Polyxenida): 

Less than 4 mm in length, the body of bark dwellers have 

11 to 13 rings (Fig. 20-8B). They are softer than other 

millipedes and, unlike almost all other millipedes, they are 

weak burrowers not adapted for pushing. They are small 

and depressed and the cuticle is soft and uncalcified. They 

inhabit preexisting crevices under bark. 

The ability to climb is striking in some nematophorans in 

rocky habitats. These millipedes can climb up smooth surfaces 

by gripping with opposite legs. Some of these rock dwellers 

are the swiftest millipedes. Their speed is correlated with their 

predatory and scavenging feeding habits and the need to 

cover great distances to find food. 

With the exception of the bristly millipedes, all are able 

to coil the body into a tight, flat planispiral or even a ball. 

This is possible because the sternites are shorter than the 

tergites. 
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Defense 
Several invertebrates, including some ants, spiders, scorpi- 

ons, assassin bugs, parasitic mites, and glowworms, prey on 

millipedes. In addition, some vertebrates, including toads, 

lizards, tortoises, rodents, mongooses, and birds, occasionally 

eat them. To compensate for the lack of speed, natural 

selection has provided millipedes with other protective 

mechanisms. The drab, cryptic coloration of many diplopods 

reduces the likelihood of discovery by predators. The hard, 

smooth, calcified cuticle provides protection for the upper 

and lateral aspects of the body and makes them difficult to 

grasp and manipulate. The long, many-segmented milli- 

pedes, such as the polydesmid and the juliform taxa, protect 

the more vulnerable ventral surface by rolling the trunk 

into a planispiral coil when at rest or disturbed. Pill milli- 

pedes, as well as some others, can roll into a ball (Fig. 

20-8D,E). When enrolled, some tropical giant pill millipedes 

are larger than golf balls. Mongooses have learned to throw 

large pill millipedes against rocks to break the exoskeleton. 

Unlike centipedes, millipedes do not attempt to bite in 

defense. 

Repugnatorial glands are present in all the major taxa 

except the bristly millipedes. Usually there is one pair of glands 

per diplosegment and the openings are located on the sides of 

the tergites or, in the flat-backed millipedes, on the margins of 

the paranota (Fig. 20-10C). Each gland consists of a large 

secretory sac, which empties into a duct leading to the external 

pore. The composition of the secretion varies by species, and 

aldehydes, quinones, phenols, iodine, chlorine, and hydrogen 

cyanide have been identified. Hydrogen cyanide is generated 

on demand by mixing a nontoxic precursor with an enzyme. 

The cyanide released by the reaction has the odor of bitter 

almonds and is toxic to invertebrates and repellent to small 

vertebrates. 

The caustic secretions of some large tropical species can 

blister human skin. Narceus americanus, a common North 

American juliform, also is capable of producing blisters on 

human skin. Defensive secretions usually are exuded slowly, 

but large, tropical juliforms can discharge it as a spray or jet 

for distances of up to 30 cm. Malaysian natives use these 

secretions as arrow poison. 

Most interesting of all is the sedative produced by a Euro- 

pean pill millipede, Glomeris marginata. This species secretes 

a cocktail consisting of a substance that inhibits feeding by the 

predator, usually a wolf spider, and another compound similar 

to the sedative Quaalude. Once sprayed with this secretion, 

the spider looses interest in feeding and falls asleep, often for 

several days. 

Most diplopods are black or brown, but many are striking, 

bright, glossy colors, including orange, red, yellow, blue, and 

green. In general, toxic, distasteful, or otherwise dangerous 

animals are brightly and distinctively colored so that potential 

predators may more quickly learn to recognize and avoid 

them. Such warning, or aposematic, coloration is common 

throughout the living world in bees, butterflies, nudibranchs, 

coral snakes, berries, tropical frogs, and millipedes, to name 

a few. One southern California millipede is bioluminescent, 

and it has been suggested that this is a way for a nocturnal 

animal to be aposematic. 

Internal Form and Function 
Most millipedes are detritivores, feeding primarily or exclusively 

on decomposing vegetation. A few consume healthy vegetation. 

Food is usually moistened by secretions of the salivary glands 

and chewed or scraped by the mandibles. In the tropical 

Siphonophoridae (Colobognatha), however, the labrum and 

gnathochilarium are modified to form a long, piercing beak for 

feeding on plant juices. A carnivorous or omnivorous diet has 

been adopted by some rock-inhabiting Nematophora. As preda- 

tors, these millipedes are relatively agile and fast. Their prey in- 

cludes harvestmen, hexapods, centipedes, and earthworms, 

which are held with the first legs when being consumed. 

Although earthworms are the principal detritivores in 

most woodland ecosystems, millipedes share this niche and 

contribute importantly to the recycling of plant debris on the 

forest floor. Up to 90% of detritus that enters the millipede 

gut is egested back into the habitat as feces. Passage of this 

material through the gut facilitates later microbial assimilation 

of its organic compounds and nutrients. In typical woodland 

communities, millipedes may process up to 10% of the annual 

leaf fall, but up to 25% if earthworms are absent. Coprophagy 

(ingestion of feces) is common in millipedes and may be 

a mechanism for recovering additional nutriment from food 

by passing it through the gut twice. Some species (such as 

Apheloria montana) die if prevented from ingesting their own 

feces. Like earthworms, some millipedes ingest soil, from 

which they digest the organic matter. 

The gut typically is a straight tube with a long midgut. 

Salivary glands open into the preoral cavity. Digestion and 

absorption occur in the midgut, which produces a peri- 

trophic. membrane to surround the food, as hexapods and 

crustaceans do. The midgut is covered by a layer of tissue 

known as the “liver” that appears to be similar to the chloro- 

gogen tissue of annelids. Its cells store glycogen and may 

also function as accumulation kidneys where toxins are 

sequestered. A fat body in the hemocoel stores glycogen, 

lipids, protein, and uric acid. 

Gas exchange is entirely via the segmentally organized 

tracheae. Each diplosegment has two pairs of spiracles 

located on the sterna (Fig. 20-10B,C), an unusual position 

for them. Each spiracle opens into an internal atrium, from 

which arises a bundle of unbranched tracheae that extend to 

the tissues. The atria are hollow, rigid apodemes that also 

function as sites for muscle attachment. The spiracles of 

most millipedes cannot be closed, but those of Glomeris are 

an exception. 

The heart (Fig. 20-11) is a dorsal tube extending the 

length of the trunk, and the hemocoel is divided into peri- 

cardial, perivisceral, and perineural sinuses. The heart is 

perforated by two pairs of ostia per diplosegment, but the 

anterior segments, which are not diplosegments, have only 

one pair of ostia each. The heart ends blindly at the poste- 

rior end of the trunk, but anteriorly a short cephalic aorta 

extends into the head. 

The two Malpighian tubules that arise from the midgut- 

hindgut junction often are long and looped. Like centipedes, 

millipedes excrete both ammonia and uric acid. Also like 

centipedes, millipedes have saccate nephridia in the maxillary 

segments, but their function is unknown. 
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Although most millipedes cannot tolerate desiccating con- 

ditions, some live in arid habitats. These species have eversible 

coxal sacs, which supposedly take up water from sources such 

as dewdrops. The ability of many millipedes to enroll may 

reduce evaporation from the ventral spiracles during periods 

of inactivity. The sudden appearance of large numbers of 

ground millipedes on tree trunks, rocks, or walls probably is 

related to humidity, as the animals tend to move upward, out 

of the litter and into the air, when the humidity is high. 

Nocturnal and burrowing habits also contribute to water 

conservation. 

Nervous System and Sense Organs 
The CNS consists of the brain, subesophageal ganglion, and 

ganglionated ventral nerve cord. The subesophageal ganglion 

consists of the neuromeres of the mandibles and gnathochilar- 

ium only. The long, uncephalized ventral nerve cord has 

a pair of ganglia for each of the first four trunk segments and 

two pairs for each diplosegment. 

Eyes may be totally lacking, as in the flat-backed milli- 

pedes, or there may be from 2 to 80 lateral eyes derived from 

ommatidia that are loosely clustered beside the base of each 

antenna (Fig. 20-9). In some cases each eye represents a 

single ommatidium, whereas others are the result of a few 

ommatidia fusing. Most millipedes are negatively phototactic, 

and even those without eyes have integumental photorecep- 

tors and respond negatively to light. The antennae contain 

tactile setae and unique sensory cones richly supplied with 

what are probably chemoreceptors. The animal continually 

taps the substratum with the antennae as it walks. Many milli- 

pedes have Tomosvary organs that probably monitor humid- 

ity but may be olfactory. Some have trichobothria on the 

head. 

Reproduction and Development 
Millipedes are gonochoric and sperm transfer is indirect with 

spermatophores. In both sexes the tubular gonads extend 

most of the length of the trunk posterior to the third, or 

genital, segment. In females, a pair of long, fused ovaries lies 

between the midgut and the ventral nerve cord. Two oviducts 

(uteri) extend anteriorly to the genital segment, where each 

opens into a protractible, pouchlike vulva behind the coxa of 

the second pair of legs (which are on the third ring since the 

collum has no legs; Fig. 20-11, 20-12C,D). When retracted, the 

vulva is covered and protected by the sclerotized, hoodlike 

operculum (Fig. 20-12C). Inside the vulva, a groove leads into 

a seminal receptacle. 

The testes occupy positions corresponding to those of the 

ovaries but are joined by transverse connections. Anteriorly, 

near the region of the genital segment, each testis tapers into a 

sperm duct, which opens through a penis (or two penes) on 

the genital segment. Note that in contrast to the posteriorly 

located gonopores of centipedes, those of millipedes, like 

those of symphylans and pauropods, are located at the anterior 

end of the trunk (hence the name Progoneata). Millipede 

sperm are unlike those of other myriapods in that they are 

aflagellate. 

The copulatory organs are the gonopods (modified legs) of 

the seventh trunk ring (Fig. 20-12A,B). As in many other 

arthropods, the gonopods have species-specific morphology 

and are valuable for distinguishing and identifying species. 

The flat-backed millipede Apheloria exemplifies millipede 

reproductive behavior. The male charges the gonopods with 

sperm by bending the anterior part of his body ventrally to 

transfer sperm from the two penes (on the third ring) into 

a sperm reservoir at the base of the gonopods (on the seventh 

ring). Some millipedes have two pairs of gonopods on the 

seventh ring, but usually there is only one. 

Males communicate their identity and intent to females in a 

variety of ways. The signal is tactile in most juliform millipedes, 

with the male climbing onto the back of the female and 

clinging there using special leg pads. Antennal tapping, head 

drumming, and stridulating are utilized by various other milli- 

pedes. Many millipedes produce pheromones, which either 

initiate mating behavior or prolong the courtship initiated by 

other signals. 

During copulation the male’s body is twisted or stretched 

out against that of the female so that the gonopods on the 

male’s seventh ring are opposite the vulvae on the female’s 

third ring. The male holds the female with his legs. The 

gonopods are extended, their telopodites are inserted into 

the vulva, and sperm from the reservoir are transferred to the 

vulva and then to the seminal receptacle for storage. The 

female has been inseminated, but fertilization of the eggs does 

not occur until later. 

Various millipedes exhibit other behaviors. The tiny Poly- 

xenus male deposits sperm in a silken sperm web and then spins 

a silk trail for the female to find (Fig. 20-12E). She follows the 

trail, which is about seven times her length of 2 mm, and picks 

up the sperm with her vulvae. Pentazonian millipedes have no 
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Gonopod Sternal apodeme 

FIGURE 20-12 Diplopoda: millipede reproduction. A, Seventh diplosegment of a male Apheloria, showing 
gonopods and legs (ventral view). B, Left gonopod of Apheloria. C, Right vulva of the third segment of 
Apheloria in a lateral view. D, Vulva (ventral view). E, Signal threads leading to a spermatophore web of 
Polyxenus. F, A newly hatched millipede. (A-D, After Snodgrass, 1952; E, After Schomann; F, After Cloudsley-Thompson, 

J. L. 1958. Spiders, Scorpions, Centipedes and Mites. Pergamon Press, New York.) 

gonopods, so the male uses his mouthparts to transfer sperm. 

Parthenogenesis is common in Penicillata (brisdy millipedes) 

and males are rare. 

At some time following copulation, the female deposits 

eggs. Diplopod eggs are fertilized as they are laid and 

anywhere from 10 to 300 are produced at one time, depend- 

ing on species. Some deposit their eggs in clusters in soil or 

humus. Many millipedes construct a nest for the eggs. Narceus 

fashions a cup of regurgitated material into which a single egg 

is laid. The cup is sealed, deposited in humus or a crevice, and 

then consumed by the young millipede upon hatching, the 

European pill millipede, Glomeris, has similar habits but forms 

the capsule with excreta. Some flat-backed species and 

coiobognaths also construct the nest from excrement, build- 

ing a thin-walled, domed chamber topped by a chimney. The 

vulvae are applied to the chimney opening and the eggs fall 

into the chamber as they are laid. The opening is then sealed 

and the chamber is covered with grass and other debris. The 

female, and in some species the male, may remain coiled 

around the nest for several weeks. Nematophorans enclose 

their eggs in silk cocoons. 

In most species the eggs hatch in several weeks. Develop- 

ment is indirect and the newly hatched young usually have 

only the first three pairs of legs and not more than seven 

trunk rings (Fig. 20-12F). With each molt, additional rings 

and legs are added to the trunk. Many millipedes undergo 

ecdysis in specially constructed molting chambers that are 

similar to the egg nests. Many tropical species estivate in a 

molting chamber during the dry season. Following ecdysis 

the exuvium usually is ingested, probably to reclaim its cal- 

cium. Millipedes live from 1 to 10 or more years, depending 

on the species. 
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FIGURE 20-13 Pauropoda. The pauropod Pauropus silvaticus in lateral view. (After Tiegs from Snodgrass, 1952.) 

PAUROPODAc 

Pauropoda is a small taxon of soft-bodied, nocturnal animals 

(Fig. 20-13). These poorly known arthropods are widely dis- 

tributed in both temperate and tropical regions in leaf litter, 

soil, damp wood, and under stones. All are minute, ranging 

from 0.5 to 1.9 mm in length. Although once considered rare, 

pauropods have now been found to be abundant in forest 

litter and approximately 500 species are known. The small 

number of known species is due to the small number of taxon- 

omists who study them. 

Pauropods are dignathans similar to millipedes in a num- 

ber of ways. The trunk usually contains 11 segments, 9 of 

which bear a pair of legs. Segments 1 (the collum) and 11 and 

the telson are legless. The number of tergites is less than the 

number of segments. Some of the dorsal tergites are very large 

and overlap adjacent segments. Five tergites carry a pair of 

long, laterally placed trichobothria. In contrast with the diplo- 

pod collum, that of pauropods is inconspicuous dorsally and 

expanded ventrally. 

On each side of the head is a peculiar, disclike pseudocu- 

lus that is perhaps homologous to the Tomosvary organ of 

other myriapods. Eyes are absent. The six-articled antennae 

branch into three flagella, a feature that quickly distin- 

guishes pauropods from all other tracheates. One branch of 

the antenna bears a club-shaped sense organ of unknown 

function. The weak, uniarticulate mandibles are adapted for 

grinding or piercing. The lower lip, also weak, is probably 

formed by the fusion of the two first maxillae and is homolo- 

gous to the diplopod gnathochilarium. The second maxillae 

are absent, as they are in all dignathans. The cuticle usually 

is weakly sclerotized, soft, and permeable. Pauropods are 

intolerant of desiccation and depend absolutely on a humid 

environment. 

Most pauropods feed on fungi or decomposing plant 

tissue, but some are predaceous. The foregut is equipped with 

pumping muscles, and some species have been observed 

biting fungal hyphae to suck their contents. 

There is neither heart nor (except in some primitive 

species) tracheae, and their absence probably is associated 

with the small size of these animals. A pair of Malpighian 

tubules is present. Two pairs of glands in the head are derived 

from coelomic pouches and at least one, and perhaps both, is 

probably homologous to the saccate maxillary nephridia of 

other tracheates. Their function is unknown. The brain lies in 

the head and first trunk segment. The subesophageal 

ganglion innervates only the mandibles and the lower lip. 

Pauropods are gonochoric. As in diplopods, the third 

trunk segment is the genital segment and bears the gonopore 

(two in males, one in females) and, in males, the penis. 

Sperm are transferred indirectly via spermatophores, which, 

along with two signal threads, are deposited by the male in 

the female’s absence. The eggs are laid in humus, either 

singly or in clusters. Development is indirect and, as in 

diplopods, the young hatch with only three pairs of legs. In 

Pauropus sylvaticus, development to sexual maturity takes 

about 14 weeks. 

PHYLOGENY OF TRAC HE At A  
Phylogenetic relationships within Tracheata (Atelocerata, 

Monoantennata) and even its validity as a monophyletic 

taxon are currently under scrutiny. Tracheata is divided into 

three high-level taxa, Flexapoda, Chilopoda, and Progoneata 

(Diplopoda, Symphyla, and Pauropoda), each of which is 

widely agreed to be monophyletic. Controversy, however, 

arises over the pattern of relationship among these three 

taxa, and three phylogenies, known as the Myriapoda, 

Labiophora, and Opisthogoneata hypotheses, have been 

proposed. The Myriapoda hypothesis holds that Chilopoda 

and Progoneata are sister taxa in Myriapoda and that 

Myriapoda and Hexapoda are sister taxa (Fig. 20-14A). This 

traditional viewpoint is adopted here. In the Labiophora 

hypothesis, Hexapoda and Progoneata are thought to be 

sister taxa in a taxon known as Labiophora that has 

Chilopoda as its sister taxon (Lig. 20-14B). Linally, according 

to the Opisthogoneata hypothesis, Chilopoda and Hexapoda 

are sister taxa in the Opisthogoneata, which has Progoneata 

as its sister taxon (Lig. 20-14C). 

In the Myriapoda hypothesis, Myriapoda is monophyletic 

but in both the Labiophora and Opisthogoneata hypoth- 

eses, it is paraphyletic. Although there is agreement that 

Hexapoda, Progoneata, and Chilopoda are each mono- 

phyletic, the same cannot be said about Myriapoda. The 

evidence for the monophyly of Myriapoda is weaker than 

that supporting the monophyly of each of its constituent 

taxa. 

Lurthermore, that Tracheata itself is a monophyletic taxon 

(Fig. 20-14D) has been questioned due to molecular and 

morphological evidence based on nervous system, brain, 

and eye morphology. This evidence suggests that Hexapoda 

and Crustacea are sister taxa more closely related to each 
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FIGURE 20-14 Myriapod and tracheate phylogeny. A-C, Alternative hypotheses of the evolution of 

Tracheata. D-E, Alternative hypotheses of the evolution of Mandibulata. (A-C, From from Ax, P. 2000. 

Multicellular Animals, II. Springer Verlag, Berlin; D, From Wheeler et al, 1993; E, From Friedrich, M., and Tautz, D. 1995. 

Ribosomal DNA phylogeny of the major extant arthropod classes and the evolution of myriapods. Nature 376:165-167.) 

other than either is to Myriapoda (Fig. 20-14E), thus render- 

ing Tracheata paraphyletic. In this text we adopt the more 

traditional Myriapoda hypothesis and consider both Myri- 

apoda and Tracheata to be monophyletic, but the next few 

years may bring important changes in the higher classification 

of the terrestrial mandibulates. 

Tracheata is united by a number of autapomorphies, many 

of which are adaptations for terrestrial life convergent with 

similar adaptations in arachnids. These include tracheae and 

Malpighian tubules, both of which are presumed to have 

arisen in the ancestral tracheate. Spermatophores and inter- 

nal fertilization are also adaptations for terrestrial life devel- 

oped independently by tracheates and arachnids. The 

tracheates are further united by the possession of one pair of 

antennae and the absence of appendages on the vestigial 

second head segment. 

Myriapoda, the sister taxon of Hexapoda (Fig. 20-14A,D), 

is united by division of the body into two tagmata (the head 

and trunk), the absence of median eyes, and ommatidia 

without a crystalline cone. The derived ommatidium of 
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glands. 6, Dignatha: Only one pair of head appendages posterior to 
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the tracheal pouch. 7, Pauropoda: Twelve trunk segments; antennae are 
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thorax has three pairs of limbs. (From Ax, P. 2000. Multicellular Animals, 

II. Springer Verlag, Berlin.) 

myriapods arose from the more typical compound eyes of 

the ancestral mandibulate, and the median ocelli were lost 

secondarily. Because the oldest fossil tracheates are terres- 

trial Devonian species similar to centipedes and millipedes, 

the few marine millipedes and insects and the numerous 

freshwater insects are probably secondary invaders of the 

aquatic environment. 

Myriapoda includes Chilopoda (centipedes), Diplopoda 

(millipedes), Symphyla, and Pauropoda. In most phyloge- 

nies, Chilopoda is seen as being distinct from the other 

myriapod taxa, and here we consider it to be the sister taxon 

of Progoneata (Fig. 20-14A, 20-15). Chilopoda arose from 

the stem myriapod with the development of poisonous 

forcipules derived from the first trunk appendages. The 

remaining taxa together form Progoneata, named in refer- 

ence to the migration of the gonopores anteriorly from 

their ancestral posterior position. In Symphyla, two pairs of 

mouthparts, the first and second maxillae, are present 

posterior to the mandibles. Dignatha, the sister taxon con- 

sisting of Diplopoda and Pauropoda, has only one pair of 

mouthparts in that location. It is not known if the reduction 

in the number of mouthparts is due to the complete 

absence of the second maxillae or to the fusion of the first 

and second maxillae. Diplopoda arose by fusing consecutive 

trunk segments into diplosegments having two pairs of legs, 

two pairs of spiracles, two pairs of ostia, and two paired seg- 

mental ganglia. Diplopod sperm are aflagellate, and each 

antenna has four unique sensory apical cones. Pauropoda 

retains the ancestral solitary segments in a trunk of 12 

segments and 11 pairs of legs. 
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GENERAL BIOLOGY  

It has been said, with perhaps a little exaggeration, that on first 

approximation all animals are insects. Hexapoda contains at 

least 870,000 and maybe as many as 1,200,000 described species, 

almost all of which are insects, and is by far the largest animal 

taxon (of those of equivalent rank). No other taxon comes 

close and it is, in fact, over twice as large as all other animal taxa 

combined. Only a cursory treatment of this gigantic taxon is 

possible here, and we must forego the more extensive discus- 

sions accorded to other taxa in this text. This chapter is 

intended to meet the requirements of invertebrate zoology 

courses that wish to include a brief overview of hexapods. 

The enormous diversity of hexapods results largely from 

their exquisite adaptation to life on land, flight, and coevolu- 

tion with flowering plants. Although they are essentially 

terrestrial animals and have occupied virtually every possible 

ecological niche on land, hexapods have also invaded fresh- 

water habitats and are absent only from the subtidal waters of 

the sea (which, admittedly, is most of the planet). Their 

success can be attributed to a number of factors, but surely 

the arthropod body plan, resistance to desiccation, flight, and 

holometabolous (indirect) development are the most impor- 

tant. In holometabolous insects, immatures and adults are 

morphologically and ecologically very different, permitting 
resource partitioning, avoidance of competition, and special- 

ization for different but complementary roles in the life cycle. 

It is no coincidence that the four most speciose insect taxa 

(beetles; butterflies and moths; wasps, bees, and ants; and 

flies, for a total of 740,000 species) are holometabolous. 

Several features distinguish hexapods from other tra- 

cheates. The trunk is divided into a thorax and abdomen. 

Adults, and usually immatures (juveniles), have three pairs of 

legs, hence the name “hexapod.” Adults of most taxa have two 

pairs of wings (Fig. 21-1C), although wings are not present in 

the most primitive hexapods, extinct or living. The legs and 

wings are always on the thorax. Only one pair of antennae is 

present (Fig. 21-1 A,B). A tracheal system provides for gas 

exchange, the gonoducts open at the posterior end of the 

abdomen, and Malpighian tubules are the excretory organs. 

The armored cuticle of the arthropod body plan provides 

protection from predators, pathogens, and desiccation as well 

as attachment sites for skeletal muscles. Adaptations for water 

conservation such as tracheae, Malpighian tubules, and a 

waterproof cuticle and eggshell made hexapods one of the few 

taxa of well-adapted terrestrial organisms. Colonization of 

the land exposed hexapods to a variety of new habitats that 

favored speciation and adaptive radiation to an extent not 

experienced by the crustaceans in their more uniform marine 

environment. The evolution of flight endowed them with a dis- 

tinct advantage over other terrestrial invertebrates. Dispersal, 

escape from predators, and rapid access to food and optimum 

habitat are facilitated by flight. Powered flight also evolved in 

reptiles, birds, and mammals, but the first flying animals were 

hexapods. Primitive hexapods (Entognatha) lack both flight 

and efficient mechanisms for avoiding desiccation and have not 

shared in the success of their winged descendants (Insecta). 

Hexapods are of great ecological, economic, and medical 

importance. Two-thirds of all flowering plants depend on 

them for pollination. Mosquitoes, lice, fleas, bedbugs, and 

a host of biting flies are responsible for much human misery, 

and many are vectors of important diseases of humans and 

domesticated animals. A partial list includes mosquitoes 

(malaria, elephantiasis, encephalitis, West Nile virus, and yel- 

low fever), the tsetse fly (sleeping sickness), lice (typhus and 

relapsing fever), fleas (bubonic plague), and the housefly 

(typhoid fever and dysentery). Crops are damaged by the 

abundance of herbivorous species. Vast sums are expended to 

control insect pests, which can greatly reduce the agricultural 

yields necessary to support an exponentially expanding 

human population. The overzealous use of pesticides, how- 

ever, can be counterproductive and hazardous to the environ- 

ment and human health. 

Entomologists today divide the six-legged tracheates 

(the hexapods) into two sister taxa, Entognatha and Insecta 

(Fig. 21-23). The primitive Entognatha consists of 4 taxa 

(orders) whereas the derived and much larger Insecta 

includes 30. 

FORM 
The hexapod body consists of three tagmata, a head, thorax, 

and abdomen (Fig. 21-1C). The head consists of an unknown 

number of segments, believed to be between three and seven, 

fused to form a rigid unit. In a recent interpretation based 

on studies of the fruit fly Drosophila, the head consists of an 

archecerebrum and seven segments, which are, in order from 

anterior to posterior, the labral, ocular, antennal, intercalary, 

mandibular, maxillary, and labial segments. The last three are 

postoral, bear mouthparts, and are known collectively as the 

gnathal segments. The segments bear the appendages or 

structures indicated by their names. For example, the anten- 

nal segment bears a pair of antennae. The intercalary segment 

appears in embryos and then regresses without developing 

appendages. In the ancestor, however, this segment bore a 

second pair of antennae homologous to those of crustaceans, 

but these have been lost in Hexapoda. 

The head skeleton is a complete, rigid, external head cap- 

sule enclosing and protecting the soft inner tissues. An elabo- 

rate system of apodemes, the tentorium, braces the interior of 

the head capsule and provides attachment sites for muscles. 

The head typically and plesiomorphically bears a pair of 

compound eyes and up to three unpaired ocelli (Fig. 21-1A). 

Hexapods have a single pair of antennae (Fig. 21-1A,B) 

located on the anterior head. Antenna morphology is varied, 

but the simplest form is a filament (Fig. 21-1A). 

The mouth opens ventrally from a preoral cavity formed 

by the surrounding mouthparts (Fig. 21-7). Anteriorly, the 

preoral cavity is bordered by the labrum, which is a sclero- 

tized, platelike extension of the head sometimes referred to 

as the upper lip (Fig. 21-1A,B) that is attached by a flexible 

articulation to the front of the head. It may represent the 

fused appendages of the labral segment. Its muscles can 

raise and lower it. Posterior to the mouth is an unpaired 

hypopharynx (Fig. 21-7, 21-1 A). This tonguelike structure is 

a soft median outgrowth of the body wall that may aid in 

pushing food into the mouth, but it is not a segmental 

appendage. A pair of heavily sclerotized mandibles lies 

lateral to the mouth and forms the sides of the preoral 

cavity (Fig. 21-1 A,B). The first maxillae, which are the least 
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FIGURE 21-1 External morphology. A, Anterior surface 

of the head of a grasshopper showing the typical 

mandibulate mouthparts. B, Lateral view of the head of 

a grasshopper. C, Lateral view of the body. D, Lateral view 

of a wingless thoracic segment. E, Leg of a grasshopper. 

F, Lateral view of the abdomen of a male cricket. (A and B, 

After Snodgrass from Ross. D and E, From Snodgrass, 1935.) 
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modified of the mouthparts, are toothed in many species 

and may assist in macerating the food. The labium, formed 

by the fusion of the two second maxillae, is the posterior 

wall of the preoral cavity. The maxillae and labium bear 

sensory, antenna-like palps (Fig. 21-1A,B). 

The thorax always consists of three segments: the protho- 
rax, mesothorax, and metathorax (Fig. 21-14). Tergites 

(known as nota when on the thorax) and sternites are usually 

sclerotized, but the pleurites are usually soft except for a few 

small sclerotized areas (Fig. 21-ID). A pair of legs (forelegs, 

middle legs, and hindlegs, respectively) articulates with each 

of the three segments (Fig. 21-1C). A hexapod leg usually con- 

sists of six articles, which, in order from proximal to distal, are 

the coxa, trochanter, femur, tibia, tarsus, and pretarsus (Fig. 

21-1E). The tarsus may be divided into as many as five smaller 

units and the pretarsus usually consists of a pair of tarsal claws 

with a padlike arolium between them. Articulations between 

leg articles may be mono- or dicondylic. 

The legs of hexapods generally are adapted for walking or 

running, and during their effective stroke, the forelegs pull 

while the middle and hindlegs push. The middle legs step out- 

side of the other two pairs, reducing interference. One or 

more pairs may be modified for such functions as grasping 

prey or a mate, jumping, swimming, or digging. 

Most adult insects have two pairs of wings, forewings 

on the mesothorax and hindwings on the metathorax 

(Fig. 21-19B). In many taxa one or both pairs of wings is 

absent, and frequently one pair is modified for a function 

other than flight. 

The abdomen usually is composed of 9 to 11 segments 

(Fig. 21-1F) plus a telson, but the telson is complete only in 

embryos and some primitive taxa. A typical abdomen consists 

of the pregenital (segments 1 through 7), genital (8 and 9), 

and postgenital (10 and 11) segments. The female gonopore 

is on segment 8, the male on 9. The postgenital segments are 

reduced and represented by a few small sclerites (Fig. 21-1F, 

21-1 IB, 21-12B). 

Most abdominal segments lack appendages. The pregenital 

segments of higher insects do not have appendages, although 

some Entognatha have small sensory styli that may be derived 

from appendages. Adult abdominal appendages include a ter- 

minal pair of sensory cerci (sing., cercus) on the 11th segment 

(Fig. 21-1F) and the external genitalia of some taxa. Cerci in 

some species are long, antenniform, and sensory. A variety of 

abdominal appendages serving various functions are present 

in many larvae. 

WINGS AND FLIGHT 
Even though wings are a characteristic feature of insects, many 

hexapods are wingless. In some, the lack of wings is secondary. 

For example, ants and termites have wings only at certain peri- 

ods of the life cycle, and workers, although adult, always lack 

wings. Some parasitic insect orders, such as lice and fleas, have 

lost the wings completely. On the other hand, winglessness is 

primary in primitive hexapods (Entognatha, Zygentoma, and 

Archaeognatha; Fig. 21-18). These taxa arose from ancestors 

that never had wings and are known collectively as aptery- 

gotes. Most insects, however, either have wings or, if wingless, 

had winged ancestors and are pterygotes. 

Wings are not segmental appendages or homologous to 

legs and mouthparts, nor are they constructed of articles. 

Instead, they are very thin folds of the body wall. As such, each 

wing consists chiefly of a double sheet of epidermis and cuti- 

cle strengthened by sclerotized areas known as veins (Fig. 

21-19B). Veins are chiefly structural, are hollow, and contain 

tracheae, nerves, hemocoel, and blood. Wings articulate with 

the tergal and pleural sclerites of the meso- and metathorax. 

Fully developed functional wings are present only in adults, 

although thick, nonfunctional precursors called wing pads are 

present in the juveniles of some insects. 

The evolution of wings and flight in insects is a matter of 

conjecture. The earliest known fossil hexapod is a bristletail, 

an apterygote from the early Devonian period. Winged 

insects appear later, but no intermediates have been discov- 

ered. The most widely accepted hypothesis is that wings were 

originally flat, lateral flanges of the tergum that helped the 

insect to alight upright after jumping. Subsequent enlarge- 

ment of the flanges made gliding possible. Finally, the devel- 

opment of specialized muscles and hinges permitted the 

wings to move. 

Primitively, wings are held outstretched, as in dragonflies 

(Fig. 21-19B), and cannot be folded. The evolution of sclerites 

in the wing base, which permits the insect to fold the wings 

over the abdomen and thus move them out of the way when at 

rest, was an important evolutionary event. This innovation 

enabled radiation into interstitial microhabitats beneath bark 

and stones and in soil, dung, and wood, where outstretched 

wings would be a serious handicap. Wing folding was probably 

accompanied by reduction in the body size of many taxa. 

Each wing articulates with the edge of a thoracic tergite 

and rests on a vertical, sclerotized pleural process that acts as a 

fulcrum (Fig. 21-2A), making the wing resemble an off-center 

seesaw. Wing movement is accomplished by the large flight 

muscles, which may fill most of the space in the adult thorax. 

Flight muscles may insert on the wings, in which case they are 

direct muscles. Alternatively, indirect muscles have no direct 

connection with the wings. A set of vertical indirect muscles 

extends from the sternum to the tergum and an antagonistic 

set of longitudinal indirect muscles extends between apo- 

demes at the anterior and posterior ends of the thorax (Fig. 

21-2A,B). Posterior direct muscles insert on the posterior edge 

of the base of the wing, distal to the fulcrum (pleural process), 

and anterior direct muscles insert on the anterior edge of the 

base of the wing, also distal to the fulcrum. 

Because early flying insects lacked indirect muscles, power 

was provided by direct muscles. The most derived modern 

insects, in contrast, provide power to the wings by indirect 

muscles and the direct muscles serve only to control wing 

orientation. In Recent insects, contraction of the vertical 

indirect muscles lowers the tergum and elevates the wing, 

which is attached to it (Fig. 21-2A). Downward movement is 

accomplished in different ways in different taxa, depending 

on their stage in the evolution of flight. In primitive insects 

such as dragonflies and roaches downward movement is still 

accomplished solely by contraction of direct muscles, which 

pull the wing down. In some intermediate insects, such as 

grasshoppers and beetles, the wing is moved down by a combi- 

nation of indirect longitudinal muscles and direct muscles. 

In derived insects such as wasps, bees, and flies, contraction of 
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FIGURE 21-2 Flight: Diagrams showing relationship of wings to tergite and pleura and the mechanism of 
the basic wing strokes in an insect. A, Upstroke resulting from the depression of the tergite by contracting the 
vertical muscles. B, Downstroke resulting from the arching of the tergite by contracting the longitudinal muscles. 
(After Ross, H. H. 1965. A Textbook of Entomology. 3rd Edition, fohn Wiley and Sons, New York.) 

the longitudinal indirect muscles shortens the thorax and 

antagonizes the vertical muscles. This pushes the tergum up 

and moves the wing down (Fig. 21-2B) so that the propulsive 

force is supplied entirely by indirect muscles. 

Simple up and down movement alone is not sufficient for 

flight. The wings must at the same time be moved forward and 

backward and their angle changed. These movements are 

accomplished by the anterior and posterior direct muscles. 

The anterior muscle pronates the wing (by depressing the 

leading edge and elevating the trailing edge) and the poste- 

rior muscle supinates the wing (by depressing the trailing 

edge to elevate the leading edge). In addition to altering the 

angle at which the wing is held, insects can also achieve lift by 

raising and lowering selected wing veins, thereby changing the 

wing shape, or contour. 

Flying ability varies greatly among insects. Many butterflies 

and damselflies have a relatively slow wing beat and limited 

maneuverability. At the other extreme, some flies, bees, and 

moths are very7 agile and can hover in one place or dart 

rapidly. From the standpoint of maneuverability, a housefly 

can outperform any bird. Not only can a housefly fly a rapid 

straight course and hover, it can fly upside down and turn in 

the distance of one body length. The fastest flying insects are 

hummingbird moths and botflies, which have been timed at 

40 kph (25 mph). Floneybees can cruise at 24 kph (15 mph). 

Gliding, which is important in birds, occurs in only a few 

large insects. 

Horizontal stability is maintained in part by a dorsal light 

reaction in which the insect keeps the dorsal ommatidia of the 

compound eyes under maximum illumination from above. 

Deviation because of rolling is corrected by slightly changing 

the wing position to bring the dorsal ommatidia back to maxi- 

mum illumination. Many insects exhibit a general positive 

phototaxis in which they orient toward the light by adjusting 

the direction of flight so that illumination is equal in both 

eyes. A consequence is that they fly, with great persistence, 

into lamps. 

Members of Diptera (flies, gnats, and mosquitoes) have 

hind wings reduced to stalked knobs called halteres (Fig. 

21-22D). These beat with the same frequency as the forewings 

and function as gyroscopes to offset flight instability. 

Receptors on the haltere base detect tendencies to deviate 

from course due to pitch, roll, and yaw, and compensating 

corrections in wing position can be made. The flight muscles 

are striated and the fibers are large and powerful, their 

mitochondria are huge, and the respiratory rate is high. The 

high oxygen demand is met by a profusion of tracheae. 

NUTRITION 
There is great diversity in hexapod diets and in modification 

of mouthparts to obtain and process food. Herbivory is com- 

mon, but many are carnivores, parasites, or parasitoids. The 

original hexapod mouthparts were adapted for cutting and 

chewing and are said to be mandibulate, but in taxa with 

liquid diets they are modified. 

Mandibulate mouthparts (Fig. 21-1A,B) occur in many 

taxa, including apterygotes, dragonflies, crickets, grasshop- 

pers, beetles, wasps, ants, termites, and many others. The 

mandibles, or jaws, are hard and heavily sclerotized, with the 

distal end equipped with a molar for chewing and an incisor 

for cutting. The molar predominates in herbivores but carni- 

vores have a well-developed incisor. Insect mandibles are 

dicondylic whereas those of entognathans are monocondylic. 

The dicondylic articulation restricts the mandibles to motion 

in the transverse plane (in the plane of the page as you look at 

Figure 21-1A and perpendicular to the page when you look at 

21-1B). The cutting and grinding surfaces of the two 

mandibles meet across the midline ventral to the mouth. 

Many insects specialize in a liquid diet consisting of either 

plant or animal juices, for which the original mandibulate 

mouthparts are unsuited. These insects have mouthparts 

specialized in many ways for sucking fluids in conjunction with 

a muscular pump. Sucking evolved several times in insects, 

and consequently there are many morphological variations 

sometimes adapted for more than one function, such as chew- 

ing and sucking, cutting and sucking, piercing and sucking, or 

just plain sucking. 

The sucking mouthparts of moths and butterflies 

(Lepidoptera) are adapted for pumping nutritious liquids, 

without piercing, from various sources. A long tube, or pro- 

boscis, formed from the highly modified maxillae (Fig. 21-3). 

At rest, the proboscis is coiled under the head and then 

unrolled to feed. Except for the large labial palps, the other 

mouthparts are absent or vestigial. The morphology and 

function of hexapod mouthparts and the digestive tract may 
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FIGURE 21-3 Sucking mouthparts: Lepidoptera. Lateral view of the 

head of a moth (After Snodgrass, 1935.) 

change with life-history stage. In Lepidoptera, for example, 

the larvae are herbivorous and have chewing mouthparts and 

a gut adapted for processing solid plant material. Adults, on 

the other hand, have sucking mouthparts and a gut special- 

ized for digesting liquid food. Although lepidopterans are well 

known for utilizing the nectar from flowers, such a diet, while 

rich in carbohydrates and energy, is deficient in nitrogen and 

salts. The nectar diet is supplemented by drinking the liquid 

from tears, urine, slug slime, feces, animal carcasses, and mud 

puddles. 

Piercing and sucking mouthparts are characteristic of her- 

bivorous insects such as aphids, leafhoppers, cicadas, and 

stinkbugs (Hemiptera), which feed on plant juices, but they 

are also found in many predaceous insects, such as assassin 

bugs (Hemiptera) and mosquitoes (Diptera), which feed on 

blood. These mouthparts are organized in different ways in 

different taxa to form a beak, which supports a stylet that is 

inserted into the prey. For example, the beak of bugs 

(Hemiptera) consists of a piercing stylet supported in a groove 

on the heavier labium (Fig. 21-4). The stylet is derived from 

the highly modified maxillae and mandibles and contains 

a salivary channel for the outward passage of saliva and a food 

channel for the inbound flow of liquid food. Only the stylet 

penetrates the prey. The labial portions support the stylet but 

remain outside. 

Labium 

> Stylet 

C 

FIGURE 21-4 Piercing and sucking mouthparts: 

Hemiptera. A, Ventral view of anterior half of a 
hemipteran showing the beak. B, A hemipteran 

penetrating plant tissue with its stylet. The labium 

supports the delicate stylet but remains outside the 
prey. C, Cross section through a hemipteran beak, 

showing the food and salivary channels in the stylet 
formed by the maxillae and mandibles, which are 

enclosed by the labium. (A, After Hickmann. B, After 

Kullenberg. C, After Poisson.) 
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FIGURE 21-5 Piercing and sucking mouthparts: Diptera. 
A, Lateral view of the head of a mosquito, showing the 
mouthparts widely separated for clarity. B, Cross section 
of mouthparts of a mosquito in their normal functional 
position with the parts combined to form a stylet. (After 
Waldbauerfrom Ross.) 

There are many families of biting flies (Diptera) that feed, at 

least some of the time, on the blood of vertebrates. In most, but 

not all instances it is only the female that takes a blood meal, 

which she requires to produce eggs. Males (and females, part of 

the time) feed on plant juices — primarily nectar—but both 

sexes utilize liquid diets. The biting flies include mosquitoes, 

horseflies, deerflies, blackflies, no-see-ums (punkies), and others 

having a variety of mechanisms for feeding on blood. 

Mosquitoes have piercing and sucking mouthparts in which 

the elongate labrum forms a food channel for incoming blood 

and is supported by the labium, mandibles, and maxillae (Fig. 

21-5). The hypopharynx forms a small outbound channel for 

saliva, which contains an anticoagulant to facilitate the flow of 

blood through the narrow food channel. The itching associ- 

ated with a mosquito bite is a reaction to proteins in the saliva. 

Blackflies, horseflies, and deerflies have cutting and spong- 

ing mouthparts, and their bites can be more painful than 

those of mosquitoes. The mandibles are tiny scalpels (Fig. 

21-6A) used to slice the skin of the prey. The spongelike 

labium (Fig. 21-6B) soaks up the blood as it oozes from the 

wound. From the sponge, blood moves into the mouth via 

a short tube formed from the hypopharynx and labrum. 

Houseflies, by the way, do not bite, but many closely related 

and similar flies, such as face flies and stable flies, do. 

Sponging alone, without cutting or piercing, is a feeding 

strategy employed by several taxa of nonbiting flies, including 

the houseflies (Fig. 21-6C) and blowflies. These dipterans 

have a spongelike labium, but the reduced mandibles and 

maxillae are not formed into blades. The labium is used to 

absorb liquid from various sources, such as juicy meat or fruit, 

without first lacerating the source. These insects, which, like 

all dipterans, are restricted to liquid foods, can liquify solid 

food with the enzymatic activity of their saliva. Saliva is exuded 

through the labium onto the solid food and the resulting fluid 

then can be sucked into the preoral cavity and mouth. 

Bee and wasp mouthparts are adapted for both chewing 

and sucking. A bee, for example, sucks nectar through the 

elongate maxillae and the labium. Pollen and wax are 

processed by the labrum and mandibles, which have retained 

the chewing morphology. 

The hexapod gut is preceded by the preoral cavity, which is 

outside the gut tube (Fig. 21-7). The preoral cavity is divided 

into the space between the labrum and hypopharynx (the 

cibarium) and the space between the hypopharynx and 

labium (the salivarium). The mouth opens from the dorsal 

end of the cibarium and the salivary duct opens into the sali- 

varium. The muscles of the cibarium form a sucking cibarial 

pump in many hexapods with liquid diets. 

Food in the preoral cavity is mixed with saliva and some- 

times with regurgitated enzymes from the midgut. Digestion 

may begin here prior to ingestion. The mouth opens into the 

foregut, or stomodeum, which usually is divided into an ante- 

rior pharynx, esophagus, crop, and narrower proventriculus 

(Fig. 16-9, 21-8A). Food is moved through the gut with peri- 

staltic contractions of circular muscles, and in sucking insects 

the pharynx may be a muscular pump. The narrow tube of the 

esophagus connects the pharynx with the proventriculus. In 

many species the posterior region of the esophagus is 

expanded to form a crop for the storage of undigested food, 

although some digestion may occur here. In hexapods that eat 

solid food, the proventriculus usually is a muscular gizzard 

with elaborate cuticular teeth for grinding food (Fig. 21-8B). 
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FIGURE 21-6 Sponging mouthparts. A, Mouthparts of a blackfly, adapted for cutting and sponging. 

B, Scanning electron micrograph of the ventral surface of the spongelike labium of a face fly. P marks the 

opening to the preoral cavity. The mouth is at the opposite end of the preoral cavity. C, Lateral view of the head 

and sponging mouthparts of a housefly. (A, After Ross, H. H. 1965. A Textbook of Entomology. 3rd Edition. John 

Wiley and Sons, New York. C, After Snodgrass, 1935.) 

In sucking insects with a liquid diet, the proventriculus is only 

a simple valve opening into the midgut (Fig. 21-8C). Some- 

times it is a filter. In fleas, which feed on blood, spines that 

project posteriorly from the foregut into the midgut are used 

to rupture blood cells. 

Most hexapods have a pair of salivary glands (labial glands) 

lying below the midgut and opening by a common duct into the 

salivarium (Fig. 21-7, 21-8A). Mandibular glands, in addition to 

salivary glands, are functional in apterygotes and a few ptery- 

gotes. (Salivary glands are not homologous to the labial 

nephiidia of Entognatha.) The function of salivary glands varies, 

but they usually secrete saliva, which moistens the mouthparts 

and lubricates the food. Salivary glands may also produce diges- 

tive enzymes, especially an amylase that is mixed with the food 

mass before it is swallowed. Other secretions include silk, mucus, 

hyaluronidase to hydrolyze connective tissue, a pectinase (in 

aphids) to hydrolyze the pectin of cell walls, venom (in some 

predators), agglutinins and anticoagulants, and the antigen that 

produces the mosquito-bite reaction in humans. 

In lepidopterans (moths), trichopterans (caddisflies), 

psocids, and hymenopterans (bees, ants, and wasps), the 

salivary glands are silk glands whose secretion, silk, is used to 

make pupal cells, cocoons, filters, draglines, and domiciles. 

The proteinaceous silk is secreted through a single median 

pore at the apex of the labium. In addition to salivary glands, 

hexapods have other types of silk-secreting glands, such as 

modified accessory sex glands, tarsal glands, and Malpighian 

tubules. 

A valve (Fig. 21-8B) separates the foregut from the midgut. 

The hexapod midgut (the ventriculus, or stomach) usually is 

tubular and, as in other arthropods, it is the principal site of 

enzyme synthesis, secretion, hydrolysis, and absorption. There is 

some evidence that, although the entognathan midgut is 

endodermal as expected, that of the insects may be ectodermal. 
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FIGURE 21-7 Anatomy. Lateral view of the left side of the head and anterior thorax of a typical hexapod. 
The mandible and maxilla have been removed to reveal the hypopharynx and preoral cavity. The compound 
eye is displaced dorsally. 1, mandibular nerve; 2, maxillary nerve; 3, labial nerve. (Modifiedfrom several authors, 

including Klausnitzer, B. 1996. Insekta (Hexopoda), Insekten. In Westheide, W., and Rieger, R. M. (Eds.): Spezielle Zoologie, 

Erster Tiel: Einzeller und Wirbellose Tiere. Gustav Fischer Verlag, Stuttgart, pp. 601-681; and Snodgrass, R. E. 1935. 

Principles of Insect Morphology. McGraw-Hill, New York. 667 pp.) 

The peritrophic membrane is a characteristic feature of the 

midgut of most hexapods, as it is of many other arthropods 

(Fig. 21-9). This thin, porous, acellular, secreted membrane 

forms a tube inside the gut tube that encloses the food mass as 

it moves through the mid- and hindguts. The membrane 

protects the delicate midgut walls (which are not lined with 

cuticle, as the rest of the gut is) from abrasion by the food 

mass. It tends to be poorly developed or absent in insects with 

liquid diets. 

The peritrophic membrane consists of a matrix of chitin 

microfibrils supporting a ground substance of proteins, glyco- 

proteins, and proteoglycans. It is usually a mesh rather than 

a solid sheet and is perforated by regularly spaced pores of 

about 0.2 (im in diameter. Microvilli from the midgut epithe- 

lium sometimes protrude through these pores into the lumen 

of the membrane. The cells lining the midgut usually secrete 

the peritrophic membrane, but in some hexapods it originates 

in the proventriculus. 

The peritrophic membrane partitions the gut lumen into 

two compartments. The lumen of the peritrophic tube is the 

endoperitrophic space whereas the area between the mem- 

brane and gut wall is the ectoperitrophic space (Fig 21-9). The 

membrane probably plays an important role in digestion by 

partitioning enzymes into compartments. Some enzymes 

secreted by the midgut epithelium pass through the mem- 

brane into the endoperitrophic space, where initial hydrolysis 

occurs. The products of this hydrolysis then pass into the 

ectoperitrophic space, where intermediate digestion occurs 

using different enzymes. The products are then absorbed by 

epithelial cells, where final, intracellular digestion occurs. 

The midgut usually has two to six digestive ceca (gastric 

ceca) at its anterior end (Fig. 21-8A,B), and these can be 

important sites of hydrolysis and absorption. Water is absorbed 

by the cecal epithelium and transferred to the hemocoel, 

although this also occurs in the rectum (Fig. 21-9). In some 

hexapods, populations of symbiotic bacteria are maintained in 

the ceca. 

The hindgut, or proctodeum, consists of an anterior intes- 

tine and a posterior rectum, both of which are lined with 

cuticle (Fig. 21-8A, 21-9). The anus opens at the posterior end 

of the abdomen (Fig. 21-1 IB). A muscular pyloric sphincter 

may separate the intestine from the midgut. The hindgut 

functions in the egestion of digestive and excretory waste and 

in water and salt balance. In most hexapods, rectal pads or 

similar organs that occur in the epithelium are the principal 

sites of water reabsorption from the feces. In terrestrial 

hexapods of arid habitats, the hindgut reabsorbs all water and 

produces completely dry feces. Digestion of cellulose by 

termites utilizes cellulases produced by mutualistic flagellates 

that inhabit the hindgut. 
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FIGURE 21-8 Digestion. A, Internal anatomy of a cockroach. B, Longitudinal section through the foregut 

and anterior part of the midgut of a cockroach. C, Digestive tract of a moth, which uses sucking mouthparts to 

feed on fluids. (A, After Rolleston. B, After Snodgrass, 1935. C, From Elzinga, R.J. 1987. Fundamentals of Entomology. 

3rd Edition. Prentice-Hall, Englewood Cliffs, Nf.) 

A fat body, analogous in many respects to annelid chloro- 

gogen tissue and the vertebrate liver, are present in the 

hemocoel (Fig. 16-7). Synthesis and long- and short-term 

storage of lipids, carbohydrates, and blood and other proteins 

occur in the fat body. Glycogen reserves in the fat body can be 

rapidly mobilized to release glucose into the blood in 

response to hormones. The many insects that do not feed as 

adults rely on fats, proteins, and glycogen stored in the fat 

bodies during their immature stages. The fat body arises from 

the mesoderm of the embryonic coelomic pouches. 

INTERNAL TRANSPORT 
The hexapod hemal system consists of the heart, accessory 

hearts, hemocoel, and blood. With the exception of the aorta, 

blood vessels are absent. The heart is a contractile middorsal 
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FIGURE 21-9 Digestion: Diagram of the digestive tract of a hexapod, showing the passage of food (small 
circles) through the gut, the absorption of food products in the cecum, and the secretion of wastes by 
a Malpighian tubule. Active transport of salts out of the gut (solid arrows) leads to passive diffusion of water 
and other substances (dashed arrows). (Modified from Berridge, M.J. 1970. A structural analysis of intestinal 

absorption. In Neville, A. C. (Ed.): Insect Ultrastructure. Symp. Roy. Ent. Soc. 5:135-131; and Evans, H. E. 1984. Insect 

Biology: A Textbook of Entomology. Addison-Wesley Publishing Co., Reading, MA. p. 85.) 

tube in a pericardial sinus similar to that of other arthropods 

(Fig. 16-7). It extends through the first nine abdominal 

segments and is perforated by 1 to 12 pairs of segmental ostia. 

Anteriorly it narrows and reaches into the head as the aorta, 

which lacks ostia and may or may not be pulsatile. Paired, 

segmental alary muscles that extend laterally from the heart to 

the body wall (Fig. 16-7) expand the heart lumen during 

diastole. Systole is a wave of contractions of the myoepithelial 

cells of the heart. 

Periodic heartbeat reversal is common among hexapods. 

In Lepidoptera, Diptera, and Coleoptera, blood is pumped 

into the head hemocoel during forward beating and into the 

abdominal hemocoel during backward beating of the heart. 

Special paired excurrent ostia in the walls of the posterior 

heart accommodate the exit of blood during backward flow. 

In the absence of arteries to deliver blood to extremities 

such as the antennae, mouthparts, legs, wings, and cerci, 

hexapods rely on a muscular accessory heart located at the 

base of the extremity it serves. These saclike hearts pump 

blood from the hemocoel into the appendage. 

Many hexapods in temperate regions survive subfreezing 

temperatures by accumulating in the blood such compounds 

as glycerol, sorbitol, and trehalose, which depress the freezing 

point and function as antifreeze. Some species can supercool 

the blood and cellular fluids to -30°C without freezing, 

whereas others exhibit controlled freezing, permitting ice 

crystals to form only in extracellular spaces. Special proteins 

may be produced to act as nuclei for the formation of ice 

crystals in the desired locations. 

GAS EXCHANGE 
Gas exchange in hexapods employs a system of air-filled 

tracheae opening to the atmosphere by spiracles and delivering 

oxygen directly to the tissues independendy of the hemal system. 

The typical (holopneustic) system includes 10 pairs of segmental 

spiracles—2 in the thorax, 8 in the abdomen (Fig. 21-1D,F, 

21-10B), and none in the head. Tracheae arise at the spiracles, 

branch repeatedly, and become progressively smaller as they 

approach their target cells. The spiracles are connected by two 

major longitudinal tracheal trunks that extend the length of the 

body and branch to the head tissues, heart, nerve cord, muscles, 

and gut. The longitudinal trunks are connected by transverse 

tracheae. The extent of the tracheal supply to each organ is 

related to its metabolic activity and oxygen requirements. 

The simplest spiracles, as found in some entognaths, are 

merely holes in the integument. In most insects, however, the 

spiracles open into a pit, or atrium, from which the trachea 

arises (Fig. 21-10A). The spiracle usually has a closing mecha- 

nism and filtering devices. Closing reduces water loss and 

filtering prevents the entry of dust and parasites and also 

inhibits water loss. 

Spiral cuticular rings, the taenidia (Fig. 21-10A), allow 

the trachea to expand but prevent its collapse. The epicuti- 

cle of the tracheal exoskeleton lacks the waxy waterproofing 

layer typical of external parts of the exoskeleton. Tracheae 

are sometimes expanded in various places to form internal 

air sacs. 

The smallest extremities of the tracheal system are tracheoles 

about 1 pm in diameter (Fig. 21-10C). These fine intracellular, 
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FIGURE 21-10 Gas exchange. A, A spiracle with the atrium, filtering apparatus, and valve. B, A holopneustic 
tracheal system of a hexapod. C, Diagram showing the relationships of a spiracle and tracheoles to a trachea. (A, After 

Snodgrass, 1935. B and C, After Ross, H. H. 1965. A Textbook of Entomology. 3rd Edition. John Wiley and Sons, New York.) 

cuticular tubes are located in the cytoplasm of tracheole 

cells. Tracheoles extend to and physically contact their tar- 

get cells and in some cases, such as flight muscles, even 

push into the cytoplasm and deliver oxygen direcdy to the 

target mitochondria. The tracheal cuticle is shed during 

molting after hydrolysis of the taenidia. Because the tracheoles 

are intracellular, they do not molt and instead retain their 

cuticle. 
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Gas movement in the tracheae is accomplished by" simple 

diffusion and muscular ventilation. Ventilation usually moves 

air through the large tracheae near the spiracles whereas diffu- 

sion is responsible for transport in the small tracheoles near the 

tissues. Because hexapods must balance oxygen need and water 

loss, spiracles are kept closed as much as possible. Some very 

small hexapods of moist surroundings, such as proturans and 

some collembolans, lack tracheae, and gas exchange occurs 

over the general body surface. Early instars of some aquatic 

nymphs lack tracheae, but they are present in most pterygotes. 

Aquatic juveniles usually have tracheae and aquatic adults 

always do. Many aquatic nymphs, such as stoneflies and 

mayflies, respire underwater and have a closed tracheal system 

without spiracles (apneustic). Blind-ended but air-filled 

tracheae arise in tracheal gills, ^vhich usually are lamellae or 

filaments extending from the body. Oxygen diffuses from the 

water, across the gill surface, and into the tracheae for distribu- 

tion. Some aquatic larvae (such as mosquitoes), however, have 

an open tracheal system with one or two spiracles at the end of 

a breathing tube. The larva rises to the surface periodically and 

obtains air from the atmosphere through the spiracles. Aquatic 

adults ,yisit the surface to breathe directly from the atmosphere 

via open tracheae or to replenish an air bubble held against the 

body surface by special, unwettable hydrofuge hairs. Spiracles 

open into the air bubble and the insect breathes from it when 

it is submersed. In some cases, as the oxygen in the bubble is 

depleted, more oxygen diffuses in from the surrounding water, 

allowing some aquatic insects with open tracheae to achieve 

independence, or near independence, of the atmosphere. 

EXCRETION 
% 

Protein and nucleotide catabolism produces waste ammonia, 

but in terrestrial species the fat body converts it into uric acid or 

sometimes insoluble ammonium salts for excretion. Uric acid 

has the advantage of being insoluble, relatively nontoxic, and 

requiring little water for its elimination. The major excretory 

organs are Malpighian tubules and the rectum. Malpighian 

tubules are absent or vestigial in entognaths but present in most 

insects with the exception of aphids. Between 2 and 250 

tubules, depending on taxon, lie free in the hemocoel, where 

they are bathed in blood rich in uric acid (Fig. 21-8A, 21-9). 

Malpighian tubules are secretion kidneys that indiscrimi- 

nately absorb ions, uric acid, water, and toxins from the 

hemolymph and secrete them into the tubule lumen to form the 

primary urine, which then moves into the hindgut. Desirable 

ions, sugars, and water are selectively reclaimed by the rectal 

epithelium and returned to the hemolymph (Fig. 21-9). Uric 

acid and a minimum of water remain in the rectum and are 

voided through the anus with the feces. 

Storage excretion by specialized cells is important in some 

apterygotes with poorly developed or absent Malpighian 

tubules, or it may supplement excretion by Malpighian 

tubules. Urate cells in the fat body concentrate uric acid 

intracellularly. Nephrocytes, typically located on or near the 

heart (Fig. 16-7), absorb waste molecules from the blood by 

pinocytosis. Wastes may be stored or detoxified and returned 

to the blood. 

A pair of saccate nephridia, the labial kidneys, is found in 

the head of some apterygotes such as Collembola and 

Zygentoma. Each consists of an end sac with podocytes and 

a tubule. A nephridiopore opens near the base of the labium. 

Since Malpighian tubules are poorly developed or absent in 

apterygotes, the saccate nephridia may be important excretory 

organs. 

Of the terrestrial arthropods, insects are the best-adapted 

for water conservation. The epicuticle is impregnated with 

waxy compounds that reduce surface evaporation, and 

spiracle closure reduces evaporation from the tracheal system. 

The excretion of uric acid reduces the loss of water that 

usually accompanies protein metabolism and deamination. 

The reabsorption of water by the rectum further conserves 

water that would be lost through excretion and egestion. 

Hexapods are one of the few taxa of invertebrates that can 

produce urine that is hyperosmotic to the blood. As might be 

predicted, aquatic insects excrete ammonia rather than uric 

acid and salts are reclaimed by the hindgut. 

NERVOUS SYSTEM 
The nervous system is like that of other arthropods, although 

there tends to be less fusion of segmental ganglia (Fig. 21-7, 

16-11). The protocerebrum receives the optic nerves from the 

eyes, the deutocerebrum serves the antennae, and the tritocere- 

brum innervates the labrum. The subesophageal ganglion is 

always composed of at least three pairs of fused ganglia 

controlling the mandibles, maxillae, and labium, the salivary 

glands, and some cervical muscles. The brain and subesophageal 

ganglia are connected by circumesophageal connectives. In 

some apterygotes and many larval pterygotes, the ventral nerve 

cord is a chain of three thoracic and eight abdominal ganglia, 

with the last one being the terminal ganglion consisting of three 

or four fused ganglia (Fig. 16-11, 21-8A). In derived insects, 

however, the nervous system is cephalized and the number of 

independent segmental ganglia is reduced. In the most derived 

insects all thoracic and abdominal ganglia are fused to form 

a large thoracoabdominal ganglion. 
The visceral nervous system consists of the somatogastric 

system, unpaired ventral nerves, and a caudal sympathetic 

system. The somatogastric system includes the hypocerebral 

ganglion (Fig. 21-7), frontal ganglion, and nerves to the fore- 

and midguts. The ventral nerves are unpaired median nerves 

that arise from each trunk ganglion and send branches to the 

spiracles. The caudal sympathetic system consists of nerves 

running from the terminal ganglion of the nerve cord to the 

hindgut and sex organs. 

The principal components of the endocrine system are 

neurosecretory regions in the protocerebrum, corpora 

cardiaca, corpora alata, and prothoracic glands (Fig. 21-7). 

Molting, reproduction, water resorption, heartbeat, and meta- 

bolic processes are under endocrine control. 

SENSE ORGANS 
Sensilla of many types are scattered over the hexapod body, but 

they are especially numerous on the appendages, most notably 

the antennae, palps, and legs. Most are bristles, pegs, scales, 

domes, and plates derived from simple setae. They include 

mechanoreceptors of many types, campaniform organs, 

chemoreceptors, tympanic organs, proprioceptors, chordot- 

onal organs, hygroreceptors, and thermoreceptors, which were 

discussed in Chapter 16, Introduction to Arthropoda. 
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The antennae are major centers for sensory reception in 

hexapods and have olfactory, gustatory, mechanosensory, and 

thermo/hygroreceptors in most species. The tarsi also bear 

numerous sensilla, including gustatory and tactile receptors. 

Flies taste their food by walking on it. 

The photoreceptors are ocelli and compound eyes. Ocelli 

are absent in many adult hexapods, but when present, there 

usually are two or three on the anterior dorsal surface of the 

head (Fig. 21-1A). The photoreceptor cells of each ocellus 

are organized more or less like those of a single ommatidium 

of a compound eye. Ocelli can detect changes in light 

intensity and may be very sensitive to low intensities. They 

function in orientation and appear to have a general stimula- 

tory effect on sensory function by enhancing the reception 

of other receptors. The number of facets in the compound 

eyes is greatest in flying raptors that depend on vision for 

prey capture, and the facets are larger in nocturnal than in 

diurnal insects. 

The visible spectrum for hexapods tends to be shifted 

toward shorter wavelengths in comparison with human 

vision. Most are sensitive to ultraviolet wavelengths of 300 to 

400 nm. Phototaxis, both positive and negative, is often 

cued by UV rather than visible wavelengths. Color vision has 

been demonstrated in a few insects. Some can navigate 

using polarized light. 

REPRODUCTION 
Hexapods are gonochoric, fertilization is internal, and sperm 

transfer is usually direct with copulation, although it is 

indirect in some apterygotes. The use of spermatophores is 

plesiomorphic in hexapods and occurs in all apterygotes and 

most pterygotes. The reproductive system is in the abdomen. 

A typical female reproductive system consists of two 

dorsolateral ovaries with oviducts (Fig. 21-11A). Each ovary is 

a bundle of tubular ovarioles, but the bundle usually is not 

enclosed by a common sheath. Each ovariole, however, is 

surrounded by a cellular tunic with muscles and tracheoles. 

An ovariole consists of a small-diameter upstream germarium, 

where mitotic divisions of primordial germ cells produce new 

oogonia, and a much larger downstream vitellarium, where 

yolk is transferred to the oocytes as they pass through to the 

oviduct. Each developing oocyte is surrounded by a cellular 

follicle that secretes a waterproof eggshell (chorion). In most 

holometabolous insects, yolk is transferred from follicular 

nurse cells to the oocyte, but primitive hexapods typically lack 

such cells. Meiosis is not completed until after the oocyte 

leaves the ovariole, and sometimes not until after fertilization. 

The lateral oviducts unite to form a common oviduct, 

which leads into a vagina. The vagina in turn opens via a ven- 

tral gonopore on the eighth segment. Diverticula of the 

oviduct or vagina include a seminal receptacle for the storage 
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FIGURE 21-11 Reproductive system of a female hexapod. A, Internal anatomy. B, Lateral view of the 

posterior end of the abdomen, showing the reproductive opening and appendages that form the ovipositor. 

Abdominal segment numbers are indicated by Roman numerals. (Both after Snodgrass, 1935.) 
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of sperm or spermatophores and paired accessory glands that 

have a variety of functions, including secretion of an adhesive 

for attaching eggs to the substratum. Fertilization occurs, 

using sperm stored in the seminal receptacle, as the egg passes 

through the vagina. There is much variation in this plan. 

Female external genitalia, when present, are on segments 

8 and 9 (Fig. 21-1 IB), and in many taxa (Odonata, Orthoptera, 

Hemiptera, Hymenoptera) the modified appendages of those 

segments form a more or less tubular ovipositor used to 

deposit eggs on or in an appropriate substratum. During ovipo- 

sition, fertilized eggs extruded from the gonopore pass 

through the lumen of the ovipositor. The ovipositor may be 

modified to insert eggs into the soil, glue them to a leaf 

surface, inject them into another insect, or bore into wood to 

deposit them deep in the trunk of a tree. In some Hyme- 

noptera (bees, wasps, ants) the ovipositor is a sting equipped 

with poison glands and is not used for egg laying. Only females 

have a sting. In these insects, eggs leaving the gonopore do not 

pass through the ovipositor. In some orders there is no true 

ovipositor, but the posterior abdominal segments, usually 6 

through 9, telescope into and out of each other to form an 

extensible device used for opposition. When not in use, it is 

withdrawn by telescoping it into segment 5. 

The male reproductive system includes a pair of testes, 

a pair of lateral sperm ducts (vasa deferentia), and a median 

ejaculatory duct that opens through a ventral penis (aedeagus) 

on the ninth abdominal segment (Fig. 21-12). The gonopore is 

on the penis. Each testis consists of a bundle of tubular follicles 

in a connective-tissue capsule. The follicles contain germ cells 

in various stages of spermatogenesis and maturation. The folli- 

cles are zoned longitudinally, with spermatogonia in the upper- 

most end of the follicle, followed by primary spermatocytes, 

secondary spermatocytes, spermatids, and finally sperm in the 

lower, distal end of the follicle. 

The follicles deliver sperm to a sperm duct, which joins 

its counterpart from the other side to form a single, 

muscular ejaculatory duct. The distal portion of each sperm 

duct is usually enlarged into a seminal vesicle, where sperm 

are stored. Accessory glands, which secrete seminal fluid for 

packaging spermatophores, are usually present as diverticula 

from the sperm ducts or the upper end of the ejaculatory 

duct. 

The male external genitalia (Fig. 21-12B) are located 

chiefly on the ninth abdominal segment. Male dragonflies, 

true flies, butterflies, moths, and many others have claspers 

for holding the female during copulation (Fig. 21-12C). 

Claspers are thought to be derived from the appendages of 

the ninth or perhaps the tenth segment and are extremely 

variable at all taxonomic levels. These variations are valuable 

in the recognition of species. The penis is an intromittent 

organ used to deposit sperm or spermatophores in the female 

reproductive tract. Although these structures are referred to 

as “external” genitalia, they may be retracted when not in use 

and may not be visible without dissection. 
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FIGURE 21-12 Reproductive system of a male hexapod. A. Internal anatomy. B, Lateral view of the posterior 

end of the abdomen, showing the reproductive opening and other structures. C, Posterior view of the abdomen, 

showing the penis and claspers. Abdominal segment numbers are indicated by Roman numerals. (All after 

Snodgrass, 1935.) 
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During copulation, claspers may be used to hold the female 

while the penis is inserted into the vagina. In most hexapods 

sperm are transferred in spermatophores. Among some 

apterygotes, such as zygentomans and collembolans, the sper- 

matophore is deposited on the ground and then taken up by 

the female without copulation. In most, however, sper- 

matophores are injected directly into the female vagina during 

copulation. Following insemination, sperm are released from 

the spermatophores and stored in the seminal receptacle. Fer- 

tilization occurs during oviposition as the eggs pass through 

the oviduct and vagina. At each mating, a large number of 

sperm sufficient for fertilization of more than one clutch of 

eggs are stored in the seminal receptacle. Many hexapods mate 

only once in their lifetime and none mate more than a few 
times. 

By the time the eggs reach the oviduct, they have been 

surrounded by a shell-like membranous chorion secreted by 

ovarian follicle cells. The shell is perforated by one or more 

micropyles through which sperm enter. Another adaptation 

that has contributed to the success of hexapods in terrestrial 

environments is the waterproof shell that protects the egg 

from desiccation during development. The site of oviposition 

varies tremendously and depends chiefly on the food and 

habitat requirements of the immatures. 

DEVELOPMENT 
Superficial cleavage is characteristic of most hexapods. Eggs 

usually are macro- and centrolecithal, although those of 

derived insects have less yolk and others (such as some para- 

sitoid wasps) are yolkless and nourished entirely by their sur- 

roundings. Immatures vary in the degree of development they 

have achieved at hatching. 

The basic life-history stages are egg, juvenile, and adult, 

although other stages may be present. The stages are divided 

into substages, or instars, separated by molts. Usually there is 

only one adult instar, the imago. Only the imago is sexually 

mature and has functional wings. Upon hatching from the 

egg, the first instar juvenile begins a series of alternating 

instars and molts that eventually culminate in adulthood. 

In many taxa the responsibility for feeding and growth lies 

with juvenile instars, whereas adults are responsible for re- 

production and dispersal. Some hexapods spend the greater 

part of the life span, sometimes several years, as a juvenile 

and the adult stage may be brief, sometimes only a few hours, 

although these are extremes. In such cases the juvenile accu- 

mulates the food reserves that support the adult that follows. 

In some instances, adults have neither mouthparts nor gut and 

do not feed. 

There are four basic developmental patterns by which this 

transformation can occur. Simple ametabolous development is 

characteristic of apterygote hexapods. The young are identical 

to the adults except in size and sexual maturity. No instar has 

wings, so the only externally visible difference is size. The adult 

form is reached gradually through successive molts. Each 

instar, of which there may be over 50, is slightly larger that its 

predecessor. Adult instars are larger and have functional repro- 

ductive systems. Unlike other hexapods, ametabolous species 

continue molting and growing after reaching sexual maturity 

through several adult instars. Adults and juveniles have similar 

niche characteristics and compete for resources. 

Hemimetabolous development is characteristic of 

mayflies, dragonflies, damselflies, and stoneflies. Juveniles 

lack wings, are sexually immature, and do not closely resem- 

ble adults. The juveniles of hemimetabolous and pauro- 

metabolous insects, referred to as nymphs, have wing pads 

that gradually increase in size and become functional wings 

only with the final molt. Adults have wings, are sexually 

mature, and do not molt or grow (mayflies are the only 

exception and have two winged instars, the sexually imma- 

ture subimago and mature imago). Hemimetabolous 

juveniles are aquatic whereas the adults are aerial. Nymphs 

and adults occupy different ecological niches and do not 

compete for resources. 

Paurometabolous development (gradual or incomplete 

metamorphosis), characteristic of grasshoppers, cockroaches, 

earwigs, bugs, and others, is similar to hemimetabolous devel- 

opment except that the adults and nymphs are similar 

morphologically. Adults are larger and have wings and func- 

tional reproductive equipment (Fig. 21-13). The adult form is 

reached gradually through a series of molts. Usually there is a 

characteristic number of juvenile molts, often four or five, 

and molting ceases with the attainment of sexual maturity 

and wings. Adults do not molt or grow. External wing pads 

appear in late instars and increase in size with each molt (Fig. 

21-13). Adults and nymphs may be in competition with each 

other for food and other resources. 

Holometabolous development (complete metamorphosis, 

indirect development), a dramatic departure from the devel- 

opment patterns of the other hexapods, is characteristic of 

Holometabola, including bees, wasps, ants, flies, moths, 

butterflies, caddisflies, beetles, and others. The life cycle of 

holometabolous insects includes an additional stage, the 

pupa, between the last juvenile instar and the imago 

(Fig. 21-14). It may be thought of as a highly modified final 

juvenile instar. Imagoes are winged, sexually mature, and do 

not molt or grow. The wormlike juveniles known as larvae 

(maggots, grubs, and caterpillars, for example) do not 

resemble the adults (Fig. 21-14, 21-21D). Larvae do not have 

wing pads at any stage. They pass through a series of instars 

in which they feed and increase in size but do not become 

more adultlike. Larval food may be quite different from that 

of the adult, and the two often have different kinds of 

mouthparts so that competition for food is avoided. For 

example, butterfly larvae have chewing mouthparts, whereas 

the adults have sucking mouthparts. The number of molts 

required to reach the adult instar varies with taxon. Flies, 

for example, have four larval instars, although one may be 

suppressed. 

At the end of the sequence of larval instars, the juvenile 

becomes a nonfeeding, usually quiescent pupa in a protected 

location, such as a cocoon or cavity in the ground. Inside the 

pupa the larva undergoes metamorphosis, during which larval 

organs are destroyed (hydrolyzed) and adult structures 

develop anew, phoenixlike, from clusters of embryonic reserve 

cells known as imaginal discs. Wing rudiments, for example, 

develop internally from imaginal discs and the wings, which 

have no larval precursors, appear de novo with the emergence 

of the imago from the pupa. 

The larva of holometabolous insects probably is a specialized 

(rather than primitive) condition that evolved by suppress- 

ing the appearance of adult features. The development of 
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FIGURE 21-13 Development: Stages in the paurometabolous development of the chinch bug, 
Blissus leucopterus (Hemiptera). (After Ross, H. H. 1965. A Textbook of Entomology. 3rd Edition. John Wiley 

and Sons, New York.) 

FIGURE 21-14 Development: Stages in the holometabolous development of a beetle (Coleoptera). 

(After Ross, H. H. 1965. A Textbook of Entomology. 3rd Edition. John Wiley and Sons, New York.) 

holometabolism was of great adaptive significance in the 
evolution of insects pardy because it allows larvae to utilize 
different food sources, habitats, and life styles than those of adults, 
thus reducing or eliminating competition between life-history 

stages. Of the 33 taxa of Recent hexapods, only 11 (Coleoptera, 
Neuroptera, Megaloptera, Raphidioptera, Hymenoptera, Tri- 
choptera, Lepidoptera, Strepsiptera, Diptera, Siphonaptera, and 
Mecoptera) have holometabolous development, but these are by 
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far the most successful hexapods and account for over 80% per- 

cent of all species. 

Molting and metamorphosis are under endocrine con- 

trol. Axons from neurosecretory centers in the protocere- 

brum deliver the tropic hormone ecdysiotropin to the 

corpora cardiaca (Fig. 21-7, 21-15), which are neurohemal 

organs associated with the aorta that store ecdysiotropin and 

then release it into the blood. Ecdysiotropin in the blood 

has two effects. It directs the corpora alata to synthesize and 

release juvenile hormone and the prothoracic glands to 

release ecdysone, both into the blood. Ecdysone initiates 

a new molt, during which juvenile hormone perpetuates the 

juvenile condition. 

Under the influence of ecdysone, the epidermis initiates the 

molting cycle. The corpora alata secrete juvenile hormone into 

the blood during the molt. Juvenile hormone can exert its effect 

only after the molting process has been initiated and thus acts 

only in conjunction with ecdysone. Once the molt cycle begins, 

its outcome is determined by the level of juvenile hormone in 

the blood. Juvenile hormone suppresses the expression of genes 

controlling the development of adult characteristics. If the 

blood juvenile-hormone level is high, then the molt will be larva 

—> larva; if it is intermediate, larva —* pupa; and if low, pupa —* 

adult. In the absence of juvenile hormone, adult characteristics 

are free to develop and metamorphosis can occur. In addition, 

without juvenile hormone, the prothoracic glands degenerate 

and, without this source of ecdysone, molting ceases. Once molt- 

ing ceases the effects of juvenile hormone are not expressed 

because it acts only during a molt. 

Environmental or physiological events may initiate the 

onset of a molt cycle by stimulating or inhibiting the release of 

ecdysiotropin from the brain. Stretching of the gut wall due to 

feeding or changing temperatures or photoperiod (day 

length), for example, may stimulate the release of ecdysi- 

otropin and initiate a molt. 

The life cycle of many hexapods includes diapause, a 

period of physical and metabolic inactivity that enables the 

organism to survive such adverse environmental conditions as 

long dry or cold periods. Diapause is under hormonal control 

and may be passed in any stage of development: egg, juvenile, 

FIGURE 21-15 Endocrine system: Diagram of a generalized hexapod 

endocrine system. Axonal transport is indicated by the solid arrow and 

blood transport by dotted arrows. EcT = ecdysiotropin, E = ecdysone, 

JH = juvenile hormone. Explanation in text. 

pupa, or imago, depending on the species or environmental 

conditions. It typically is passed in the ground, a cocoon, or 

some other protected place. Many hexapods cease molting 

and enter diapause in response to declining photoperiod in 

the fall and resume molting in the spring, with increasing 

photoperiod. 
Many variations on the basic reproductive pattern can be 

found. Aphids (Hemiptera) undergo parthenogenetic repro- 

duction during most of the growing season, then reproduce 

sexually to produce diapausing eggs that overwinter and hatch 

in the spring. Many hexapods of several orders are viviparous, 

and the female retains the developing embryos in a uterus. In 

the simplest form of viviparity, lecithotrophy, the female 

retains unmodified, yolky eggs without providing additional 

nutrients. In the derived type of viviparity, the matrotrophic 

mother provides all nutrients via a placenta. Female fleshflies 

retain their embryos and deposit first instar larvae, rather than 

eggs, on dead animal tissue. The larvae begin feeding immedi- 

ately to take advantage of an ephemeral food source. Polyem- 

bryony, in which the initial mass of embryonic cells from an 

egg divides to give rise to more than one embryo, is highly 

developed in some parasitoid wasps. From two to hundreds of 

larvae are formed from a single egg deposited in the body of 

an insect host. Usually the eggs are yolkless and the 

developing embryos are nourished by the host. The tiny chal- 

cid wasp Litomastix deposits a few eggs into the body of a large 

moth caterpillar and over a thousand larvae develop from 

these eggs. 

ECOLOGY  

COEVOLUTION 
Plants and insects interact in ways that are vital to both, the 

most important of which are herbivory and pollination. In 

these relationships both plant and insect evolve in response to 

adaptations by the other in a stepwise process known as coevo- 
lution, and each is a major selective force in the other’s evolu- 



Ecology 741 

tion. In the case of herbivory, the plant evolves defenses and 

the insect responds with counteroffensives to overcome the 

defenses. Then the plant develops refinements in the defenses 

that neutralize the counteroffensives and so on, like an arms 

race. In the case of pollination, which is mutually beneficial, 

the goals of both participants are similar, but each evolves to 

maximize benefits and minimize costs to themselves. 

Many hexapods are herbivores that consume plants as their 

sole or chief food resource, and insects are the chief plant 

predators. The principal plant defenses against herbivory are 

chemical and mechanical. Plants have evolved a chemical arse- 

nal of toxic or repellant compounds to discourage predation. 

These include nicotine, caffeine, cardiac glucosides, atropine, 

solanine, tannins, cyanide, mustard oils, various alkaloids, and 

more. Sometimes plant tissues contain high concentrations of 

indigestible compounds such as tannins, resins, and silica or 

they may be protected mechanically by spines, bristles, or fine 

hairs. These plant defenses have led to various reciprocal 

evolutionary strategies among insect herbivores. Some utilize 

less nutritious parts to avoid toxins in the more desirable 

tissues. Many insects are restricted to the one or a few plant 

species for which they have evolved enzyme systems that 

detoxily nutritious but protected tissues. Some insects that 

feed on milkweeds cut the vascular bundle delivering the toxic 

alkaloid and then feed downstream of the severed vein. The 

life cycles of many insects may be adapted to coincide with the 

availability of the plant food source. 

Ironically, in many plants the substance developed to repel 

most herbivores may become an attractant for a species that has 

developed defenses against it. Such a species is likely to special- 

ize in this plant because it will have few or no competitors for it. 

The plant family Apiaceae includes a number of species, such as 

carrot, caraway, parsley, fennel, and dill, that are protected from 

most insects by linear furanocoumarins. The female black 

swallowtail butterfly, Papilio polyxenes, is attracted by these chemi- 

cals, however, and oviposits selectively on plants of this family. 

The larvae, known as “carrot worms,” have enzymes that rapidly 

detoxify the furanocoumarins that kill other insects. In the latest 

coevolutionary gambit in this conflict, some Apiaceae have 

started synthesizing angular furanocoumarins, which, unlike the 

linear form, are toxic to carrot worms. The family Solanaceae 

includes a number of plants, such as tobacco, tomato, potato, 

deadly nightshade, jimsonweed, and Jerusalem cherry, that 

contain powerful toxins, such as nicotine, to prevent insect 

herbivory. Some insects, such as tobacco and tomato homworms 

and potato beedes, detoxify the poisons and, instead of being 

repelled, are attracted to and feed exclusively on these plants. 

Many herbivorous insects induce their host plants to form 

galls, and in North America, about 2000 species of gall-inducing 

insects are known. The females of gall wasps (Hymenoptera) 

and gall gnats (midges; Diptera) deposit their eggs in plant tis- 

sues. The plant tissue adjacent to the egg grows abnormally to 

form a swollen, easily visible gall that has a shape characteristic 

of the specific insect and plant. The gall forms a piotective 

chamber for the developing eggs, larvae, and pupae, and the 

larvae feed on the gall tissue. Gall tissue forms in response to 

substances secreted by the ovipositing female and the larva. 

Coevolution is particularly striking between flowering plants 

and the insects that pollinate them, a mutually beneficial 

arrangement. Insects pollinate almost 70% of flowering plants, 

and the great diversity of floral structure largely reflects adapta- 

tions for facilitating pollination. Bees, wasps, butterflies, moths, 

and flies are the principal insect pollinators. 

Colors, odors, and nectaries that secrete sugar solutions are 

developed by the plant to attract and reward or bribe insects. 

The flower provides nectar and pollen as foods to attract an 

insect that will inadvertently transfer pollen to another flower 

as it visits a succession of flowers. The morphology of the 

flower is adapted to maximize the probability of pollination, 

often by a specific insect. Concealment of the nectaries deep 

in the flower forces the pollinator to brush past the anthers, 

from which they pick up pollen, or touch the stigma, where 

pollen must be deposited for fertilization. Flowers are pig- 

mented to maximize their visibility to their pollinator, and 

many reflect UV radiation to take advantage of the insect’s 

ability to detect these wavelengths. Moth-pollinated flowers 

often have large, pale flowers to maximize their visibility on 

moonlit nights. Many flowers have guide marks in contrasting 

colors to direct the insect to the nectaries. The life-history 

characteristics of the pollinator and the blooming season coin- 

cide. Similarly, the activity period of the pollinator coincides 

with the time of day at which the plant blooms. 

PARASITISM 
Parasitism is common among insects and has evolved many 

times. Usually, only one life-cycle stage, juvenile or adult, is 

parasitic so that different stages exploit different food 

resources and habitats and thus minimize competition. In 

many species, the adults are parasitic and juveniles feed by 

more conventional methods. For example, adult fleas (Fig. 

21-22A) are bloodsucking ectoparasites on the skin of birds 

and mammals. The larvae, however, develop off the host in its 

nest or den. Adults of several families of flies, including louse 

flies and tsetse flies, are also bloodsucking parasites of birds 

and mammals. Females are viviparous and give birth to final 

instar larvae that immediately fall off the host and pupate. The 

larvae do not feed directly on the host, but rather are nour- 

ished by the female, which does. 

In contrast, sometimes the larva is parasitic and adults 

exploit conventional resources. Many species of wasps and flies 

are parasites as larvae. Infestation of livestock and wild mam- 

mals by several families of fly larvae (maggots) is a common 

veterinary condition known as myiasis, which occurs in humans, 

as well. The screwworm fly Callitroga hominivorax, a species of 

blowfly and a serious parasite of domestic animals (and 

humans), lays its eggs in wounds and the maggots feed on living 

tissue. The horse botfly Gasterophilus causes gastrointestinal 

myiasis by invading the digestive tract of horses and other 

mammals. The adult fly lays its eggs on the hairs of the host, 

and when the host licks the hairs, the eggs hatch and the 

maggots enter the gut. They develop while attached to the wall 

of the stomach or intestine and eventually exit with feces and 

then pupate. Warble fly maggots (Cuterebridae) live in 

swellings known as warbles just beneath the skin of mammals, 

where they feed on tissues and fluids. The larvae breathe 

through a small opening in the skin. Females of one species, 

Dermatobia hominis, the human botfly, employ an unusual 

strategy for dispersing eggs to suitable hosts (humans, cattle, 

dogs). The female botfly captures a stable fly or mosquito, both 
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of which are biting flies that feed on mammals. The botfly 

oviposits on the captured fly, and then releases it unharmed but 

now carrying a clutch of botfly eggs. The first instar botfly larva 

develops within the egg. When the carrier fly lands on and bites 

a host, the larva drops off and penetrates the host’s skin 

through the small opening made by the bite of the carrier. The 

larva passes through three instars in a warble, then falls to the 

ground and pupates. 

A small number of insects spend the entire life cycle on the 

host. Lice, most of which are bloodsucking parasites of birds 

and mammals (Fig. 21-16), are always in contact with their 

host. Bedbugs are bloodsuckers throughout their life cycle, 

but they do not live continually on the host. 

PARASITOIDISM 
The insects just discussed are conventional parasites, in which 

a small parasite feeds on a larger host over a long period of 

contact, usually without killing it. Other insects are conven- 

tional predators, in which a larger species captures, kills, and 

consumes smaller prey in a brief period of contact. Three 

very large families of insects, Braconidae (Hymenoptera), 

Ichneumonidae (Hymenoptera), and Tachinidae (Diptera), as 

well as some others, exploit other insects in an interaction 

referred to as parasitoidism that combines features of 

parasitism and predation. Parasitoids are smaller than their 

hosts and remain in contact with them over long periods, but 

they eventually kill and consume the host. It is likely that most, 

and maybe all, hexapod species have at least one parasitoid, 

and this has fueled speculation that there may be as many 

species of parasitoids as of all other insects combined. 

Parasitoidism is so widespread it is thought to be the most 

important mechanism controlling the size of insect popula- 

tions. Hyperparasitoids are parasitoids that attack parasitoids. 

Female parasitoids oviposit on or in their host (prey) and 

the larvae consume the host gradually, avoiding vital organs, 

so that the host remains alive, and even feeding, until the very 

end, when new adult parasitoids emerge and the host finally 

dies. Parasitoids can be ecto- or endoparasitoids and may 

specialize in feeding on any life-history stage, including the 

egg. There are many tiny egg parasitoids smaller than the 

insect eggs they inhabit and consume. Adult parasitoids are 

usually free-living and feed on nectar or plant juices and only 

the larvae are parasitoidic. Female parasitoid wasps use the 

slender needlelike ovipositor to oviposit in or near the host. 

Some ichneumonid wasps (Fig. 21-2IB) specialize in wood- 

boring beetle larvae and use the long ovipositor to drill 

through wood to oviposit on their hosts. Tachinid flies lack the 

ovipositor and lay their eggs outside the host, so the first instar 

larvae must find the host and penetrate it. 

Most vegetable gardeners are familiar with the conspicuous 

white cocoons of the braconid wasp Apanteles that appear on 

the surface of the tomato hornworm, Manduca quinquemaculata 

(a sphinx moth larva). The female wasp oviposits in the host 

caterpillar and the tiny wasp larvae, sometimes as many as 500 

of them, feed and grow inside. Eventually they bore through 

the host’s cuticle and spin a cocoon attached to the outside of 

the caterpillar. Although the white ovals may look like eggs, 

FIGURE 21-16 Phthiraptera: The human crab louse (pubic louse), Pthirus pubis. A, An adult gripping two 

pubic hairs. B, Two egg cases attached to a pubic hair. The bottom case is empty; the upper one contains an 

unhatched nymph. 
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they are cocoons, and a tiny adult wasp, about 3 mm long, will 

emerge from each one. Other braconids parasitoidize aphids, 

clothes and gypsy moth caterpillars, and cabbageworms, and 

are important agents for biological control of pests. 

COMMUNICATION 
Both social and nonsocial hexapods use chemical, tactile, 

visual, and auditory signals to communicate with other ani- 

mals. Pheromones are chemicals used to signal conspecifics. 

Many insects use pheromones to attract one sex to the 

other, and the much-studied gypsy moth, Lymantria cLispar, is 

a classic example. Females release a pheromone in minus- 

cule concentrations that is carried downwind in a plume 

of decreasing concentration. Male moths can detect the 

pheromone in concentrations as low as 1 molecule in 1017 

of atmospheric gases. Males fly up the plume, using wind 

direction and concentration gradient as aids, to find the 

female. 

Pheromones also mark trails or territories in some species. 

For example, chemicals deposited on the ground by ants 

returning from a successful foraging trip serve as trail markers 

that other ants follow to the newly discovered food source. 

Substances produced by the death and decomposition of the 

body of an ant within the colony stimulate other workers to 

remove the body. If a live ant is painted with an extract from 

a decomposing body, the painted ant is carried alive and strug- 

gling from the nest by other ants. Some pheromones produce 

alarm responses in other individuals of an aggregation or 

colony. 

In some cases the release of chemicals is detrimental to the 

source organism, but beneficial to the target. Predators and 

parasites employ chemoreception to find prey, and similarly, 

prey may escape capture if they are warned by odors released 

by the predator. Some parasitoids locate their caterpillar prey 

by detecting compounds from the prey’s mandibular glands. 

The females of species with herbivorous juvenile stages also 

use chemicals to locate their preferred plants for opposition. 

Female squash borers find zucchini, corn earworms find 

young ears of corn, black swallowtails find parsley, and bean 

beetles find beans by using compounds the plants inadver- 

tently released into the atmosphere. 

An allomone is a compound released by a source organism 

that has an adverse effect on the target organism. Some 

lacewing larvae (Neuroptera) release a gas that subdues the 

prey, and most Hymenoptera produce venom to kill or immo- 

bilize the prey. 

Among the more unusual visual signals are the biolumines- 

cent flashings of fireflies, which function in sexual attraction. 

In species of Photinus, for example, flying males flash at 

species-specific intervals and females located on vegetation 

flash in response. The male then redirects his flight toward 

her and further flashing and then mating occur. 

Sound can be produced either by stridulation or the 

vibration of a membrane. In stridulation, a rough, rasplike 

scraper is rubbed over a file to produce sound and is charac- 

teristic of grasshoppers, katydids, and crickets. Each species 

of cricket produces songs that differ from those of other 

species and function in sexual attraction and aggression. 

The sound is received by membranous tympanal organs. 

The static-like sounds of cicadas, which serve to aggregate 

individuals, are produced by vibrations of special chitinous, 

abdominal membranes. 

SOCIAL INSECTS 
Colonial organization, characterized by integration and inter- 

action of joined or independent specialized, conspecific 

zooids or individuals, has evolved in many animals. Only 

among some insects, vertebrates, and a few spiders, however, 

are individuals functionally interdependent although physi- 

cally unconnected with each other. Social organization, or 

eusociality, the highest development of colonial organization, 

has evolved in only two taxa of insects, the Isoptera (termites) 

and the Hymenoptera (bees, ants, and wasps), but apparently 

has been responsible for the great success of both taxa. All 

termites and all ants are eusocial, as are many bees and 

wasps. Eusociality evolved independently in termites and 

hymenopterans, but it has culminated in similar states of 

development in both. 

Eusocial societies are recognizable by three chief character- 

istics. Members of the society cooperate in caring for the 

juveniles. There is a reproductive division of labor, with sterile 

individuals performing the physical labor of the society while 

reproduction is left to fertile individuals. There is an overlap 

of at least two generations so parents can be assisted by their 

progeny. In addition, no individual can exist independent of 

the colony nor can it be a member of any colony but the one 

in which it developed. All eusocial insects exhibit some degree 

of polymorphism, and the different types of individuals in 

a colony are termed castes. The principal castes are reproduc- 

tive male, reproductive female (or queen), sterile worker, and 

sterile soldier. Males function in the insemination of the 

queen, whose role is to produce new individuals for the 

colony. The workers are responsible for the support and 

maintenance of the colony and soldiers for its defense. Caste 

is determined by the ploidy of the egg and on the quality and 

quantity of the diet. 

Termites live in a nest usually constructed in soil, wood, or 

above the ground. The nest may be huge, rising two meters 

or more above the ground surface, and structurally complex. 

A colony consists of reproductive, worker, and soldier castes 

(Fig. 21-17). Termites differ from social hymenopterans in 

that workers and soldiers are sterile individuals of both sexes 

and, since termites are paurometabolous (juveniles are physi- 

cally similar to adults), workers and soldiers may be either 

juveniles or adults. The reproductive male (king) is fertile, of 

course, and is a permanent member of the colony, mating 

periodically with the reproductive female (queen). The 

colony’s single reproductive female has enormously swollen 

ovaries and an enlarged abdomen to accommodate them. 

She may produce up to 3000 eggs daily. The nest is built and 

maintained by workers. Soldiers have large, heavily sclero- 

tized heads and either large mandibles or a frontal gland for 

defense of the colony. The frontal gland releases or ejects 

a sticky, toxic, or repugnatorial secretion from a pore or 

nozzle on the front of the head capsule. Workers and soldiers 

are wingless, but the reproductive castes have wings, which 

are used only for a brief nuptial flight during which pairing 

and dispersal occur. 
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Worker Soldier Queen 

FIGURE 21-17 Isoptera: Castes of the common North American 

termite Reticulitermes flavipes. Note the simple moniliform 

antennae, the fracture planes at the base of the male wings, and 
the sclerotized abdominal tergites of the otherwise soft-bodied 
queen. (After Lutz.) 

Primitive termites construct simple tunnels and galleries in 

wood buried in or in contact with the soil. Wood remote from 

the soil may also be utilized but, if so, an enclosed passageway 

from the soil to the wood must be maintained to provide access 

to moisture. Many tropical termites build subterranean nests 

with conical extensions several meters above the ground surface. 

The abovegr ound portions are constructed of carton, a mixture 

of soil and secretions of the frontal gland of workers. Dry-wood 

termites, in contrast, build galleries in wood above the ground 

surface, have no subterranean nest, and need not maintain 

covered contact with the ground. This makes them especially 

difficult to control when they infest buildings. 

A large percentage of a plant’s photosynthetic output is 

invested in the polysaccharides cellulose and lignin, which are 

used for the construction of cell walls, including the wood of 

woody plants. Although potentially a vast source of energy for 

animals, these two molecules are notoriously difficult to 

digest, and very few metazoans can synthesize the enzymes 

required to hydrolyze either compound. Termites, however, 

have specialized in the utilization of the cell walls of wood, 

grass, leaves, humus, or herbivore dung as food sources. To 

accomplish this, they apparently are capable of some cellulase 

synthesis themselves, but they also enlist the aid of flagellates, 

bacteria, and fungi. Most termites rely on endosymbiotic flag- 

ellates in the hindgut as the primary source of the cellulase 

needed for the hydrolysis of wood. Anaerobic respiration of 

cellulose by the flagellates produces acetic acid, which is then 

absorbed by the hindgut epithelium and transferred to the 

blood for distribution to cells, where it will be respired aerobi- 

cally. Termites are generally thought to be closely related to 

cockroaches, some of which also harbor cellulose-digesting 

symbionts, and the Harvard entomologist E. O. Wilson has 

referred to termites as “social cockroaches.” 

Some termites have a gut flora of anaerobic bacteria 

instead of flagellates. Fungus-growing termites culture a basid- 

iomycete fungus on “combs” of decaying plant material and 

termite feces. The fungi break down lignin prior to ingestion 

of the comb by the termites. Following ingestion, the products 

of lignin metabolism are metabolized further by the gut 

bacteria into compounds that can be absorbed and utilized by 

the termite. Young termites must acquire their bacterial or 

protozoan symbionts via proctodeal feeding from the anus of 

another termite, a process that requires social interaction. The 

termite-symbiont association thus may have been important in 

the evolution of social behavior in termites. 

Hymenopteran societies, like those of termites, are based on 

a caste system with a division of labor, but there are differences. 

Soldiers and workers are always sterile, diploid females. They 

may be winged or not. Reproductive females are fertile and 

diploid. Fertile, reproductive males develop from unfertilized 

eggs and consequently are haploid. Following copulation with 

the queen, who mates only once, the male, his contribution 

made, dies and never becomes a functional part of the new 

colony. In many societies reproduction is parthenogenetic. 

Ant colonies resemble those of tennites and are usually 

housed within a gallery of tunnels in soil or wood or beneath 

stones. There may be a soldier caste in addition to workers. 

Workers and soldiers are wingless. Reproductives have wings 

prior to completing their nuptial flight, but then they lose them. 

Some species of ants raid the nests of other species and carry 

away their larvae and pupae to be raised as “slaves.” Since 

hymenopterans are holometabolous and the larvae are grubs, 

only the adults are contributing members of the society and the 

helpless larvae and pupae must be tended and fed until they 

metamorphose. Ants exhibit a wide range of diets. Many are 

scavengers, but some, like the harvester ants, feed on seeds, 

which they store. Leafcutting ants carry bits of fresh leaves to 

their subterranean gardens and use them to grow the fungus on 

which they subsist. The cultivation of fungal gardens evolved 

independently in ants and termites. In contrast to most ants, 

tropical army ants do not live in permanent nests and instead 

“bivouac” together in the open. They are predatory, and during 

their nomadic mass movements they consume virtually all inver- 

tebrates they encounter. Ants account for 10 to 15% of animal 

biomass in most terrestrial communities. 

In comparison with ants, polymorphism is less highly devel- 

oped in wasps and bees. There is no soldier caste and workers 

are winged, but many of these insects exhibit remarkable 

adaptations for a social organization. The honeybee, Apis 

mellifem, is the best-studied social insect. This species is 

believed to have originated in Africa and been relatively 

recently introduced to temperate regions worldwide. Unlike 

other temperate-zone social bees and wasps, honeybee 

colonies survive the winter. Multiplication occurs by the 
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division of the colony, a process called swarming. Stimulated 

at least in part by the crowding of workers (20,000 to 80,000 in 

a single colony), the mother queen leaves the hive along with 

many of the workers (a swarm) to found a new colony. The old 

colony is left with developing queens. On emerging, a new 

queen takes several nuptial flights during which copulation 

with males (drones) occurs, and she stores enough sperm to 

last her lifetime. The male dies following copulation, for his 

reproductive organs literally explode into the female. 

Honeybee colonies are large. The workers’ life spans are not 

long, but a queen may lay 1000 eggs per day to replace workers 

as they die. The eggs hatch into larvae that reside in hexagonal 

wax cells constructed by the workers. The nursing workers 

provide these larvae with a diet that results in their developing 

into sterile females, all of which are workers. The nursing 

behavior of the workers is elicited by a pheromone (queen 

substance) produced by the queen’s mandibular glands. At the 

advent of swarming, or when the vitality of the queen dimin- 

ishes, the production of this pheromone declines. In the 

absence of the inhibiting effect of the pheromone, the nursing 

workers construct royal cells, into which eggs, royal jelly, and 

a greater amount of food are placed. Royal jelly is a secretion 

from the hypopharyngeal glands of the worker nurses, and 

larvae that feed on it develop into queens in about 16 days. At 

the same time, unfertilized eggs are deposited into cells similar 

to those for workers and develop into haploid drones. 

DIVERSITY OF HEXAPODA  
Entognathac: Apterygote. Mouthparts sunk into a depres- 

sion on the surface of the head (entognathous). Poorly 

equipped for dry habitats; most are obligatory inhabitants 

of moist environments. Ametabolous. 

Collembola0 (springtails; Fig. 21-18A): Small, wingless, with 

abdominal furcula (jumping organ), collophore for water 

uptake. Abundant (but rarely noticed) in leaf litter, soil, rot- 

ten wood. Some are tolerant of dry conditions. Most feed on 

decaying plant material and fungi. Of all entognaths, collem- 

bolans are the most unlike the insects. Anurida, Hypogastrura, 

Isotomci, Neelus, Onychiurus, Podura, Sminthurus, Tomocerus. 

Protura0 (Fig. 21-1 SB); Small taxon. < 2 mm long. Anten- 

nae and eyes lost. Sensory forelegs are held forward, 

antenna-like. Head is conical. Restricted to moist habitats, 

such as leaf litter and soil, by intolerance of desiccation. 

Probably feed on fungi. Acerentulus, Eosentomon. 

Campodeina0: Sometimes combined with Japygina in 

Diplura. Both have long, multiarticulate antennae, styli on 

most abdominal segments, coxal organs on some. Usually 

only a few millimeters long. In damp humus, decomposing 

wood, beneath stones, bark. Campodea. 

Japygina0 (Fig. 21-18C): Carnivores; use pincerlike abdom- 

inal cerci to capture prey. Anajapyx, Japyx. 

!nsectac: Includes almost all hexapods (Fig. 21-23); over- 

whelmingly successful in terrestrial and freshwater habitats. 

Mouthparts are ectognathous, not recessed into a pocket. 

Compound eyes and ocelli usually are present. Typically are 

well adapted for terrestrial life. 

Archaeognatha0 (jumping bristletails; Fig. 21-18D): 
Cylindrical, scale-covered body. Mandibles are monocondylic. 

Abdomen has three terminal processes. Although insects, 

they are apterygote. Require moist environments beneath 

bark, stones, in leaf litter. Jump when disturbed. Feed on 

algae, lichens, and moss. Ametabolous. Machilis, Petrobius. 

Zygentoma0 (silverfishes, firebrats; Fig. 21-18E): Aptery- 

gote. Styli on most abdominal segments. Mandibular articula- 

tion is dicondylic, like the remaining insects. Have three 

abdominal processes. Most inhabit moist habitats among 

dead leaves, in wood, around stones. Some absorb atmos- 

pheric moisture and are tolerant of dry environments. Some 

occur in houses, where they eat books and clothing. Atelura, 

Lepisma, Nicoletia, Thermobia, Tricholepidion. 

PterygotasC: Derived from a winged common ancestor; the 

adults of most retain these wings, although they have been 

modified or lost in many taxa. Sperm transfer is direct, with 

copulation. 

Ephemeroptera0 (mayflies; Fig. 21-19A): Adult is a deli- 

cate, graceful flying insect with net-veined wings. Most have 

three terminal abdominal filaments. Nymphs have abdominal 

tracheal gills. Adults do not feed, short-lived. Hemimetabolous; 

aquatic nymphs, aerial adults. Have two imaginal instars, the 

only pterygotes to have more than one imago. Baetis, 

Ephemerella, Hexagenia. 

Odonata0 (dragonflies, damselflies; Fig. 21-19B): Vora- 

cious predators as adults and nymphs. Hemimetabolous; 

aquatic nymphs, aerial adults. Larvae have extensible rapto- 

rial labial mask. 

Anisopteras0 (dragonflies); Heavy-bodied, strong fliers that 

hold wings horizontally at rest. Anax, Cordulegaster, Gomphus, 

Macromia. 

Zygopteras° (damselflies): Slender, delicate, weak fliers. Hold 

wings over the abdomen at rest. Calopteryx, Coenagrion, Lestes. 

NeopteralC: The remaining insects. Fold wings flat over the 

abdomen; have lost the styli and coxal organs. 

"Polyneoptera" (orthopteroids, or lower Neoptera): 
Artificial group with cerci, biting mouthparts, and abundant 

Malpighian tubules. Most are paurometabolous. 

Orthoptera0 (grasshoppers, katydids, crickets, locusts; Fig. 
21-1, 21-19C): Relatively large insects. Large pronotum, 

large compound eyes. Usually have enlarged hind femora for 

jumping. Female ovipositor is large; male genitalia are not vis- 

ible externally. Most have stridulating and auditory organs. 

About 20,000 species; diverse, widespread, and common 

especially in the tropics. Most are herbivores. Some, such as 

locusts and Mormon crickets, can severely damage crops. 

Ensiferas°: Long-horned grasshoppers, katydids, mole crick- 

ets, camel crickets (Fig. 21-19C), true crickets. Anabrus, 

Ceuthophilus, Conocephalus, Gryllus, Scudderia. 

Caeliferas°: Short-homed grasshoppers (Fig. 21-1), monkey 

grasshoppers, locusts, pygmy mole crickets. Melanoplus, Romaka. 

Phasmida0 (walking sticks, leaf insects): Slow-moving, 

nonjumping, cryptic. Mimic sticks or vegetation. Repugnator- 

ial glands. Body usually is elongate, cylindrical, and sticklike. 

Wings are reduced or absent except in leaf insects, in which 

they are large and leaflike. Chiefly herbivores. Most abun- 

dant and diverse in the tropics. The longest Recent insects 

are phasmids, and some are over 30 cm in length. Anisomor- 

pha, Aplopus, Diapheromera, Timema. 
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FIGURE 21-18 Apterygote Hexapoda. A-C, Entognatha. A, Collembola: a springtail. B, The proturan 

Acerentulus barberi. C, Japygina: Anajapyx vesiculosus. D and E, Apterous insects. D, Archeognatha, 

a jumping bristletaii. E, Zygentoma, a silverfish. (A, After Willem. B, After Ewing, 1940, from Ross. C, After Borror. 

D, After Borror. E, After Lutz.) 

FIGURE 21-19 A and B, Primitive Pterygota. A, Ephemeroptera: a mayfly. B, Odonata: a dragonfly (left) and 

a damselfly (right). C-G, "Polyneoptera." C, Orthoptera (sO Ensifera): a camel cricket. D, Plecoptera: a stonefly. 

E, Dermaptera: the earwig, Forficula auricularia. F, Embioptera: a male web spinner, Embia sabulosa. 

G, Zoraptera: Zorotypus hubbardi. (A, After Ross. B, After Kennedy from Ross. C, After Lutz. D, After Ross from Illinois 

Nat. Hist. Survey. E, After Fulton from Borror and De Long, 1971. F, After Enderlein from Comstock, 1930. G, After Caudell, 

1920, Proc. Ent. Soc. Wash. Vol. 22 from Comstock, 1930.) 
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Grylloblattaria0 (rock crawlers, ice crawlers): Elongate. 

Secondarily wingless. All are carnivores in cold, wet habitats, 

often at high elevations. Found in leaf litter, under stones or 

logs, in ground. Many inhabit interface between snow cover 

and ground surface. Twenty species. Grylloblattaria. 

Mantophasmatodea0 (gladiators): Described in 2002; the 

first new insect order discovered since 1914. Adults are 

secondarily wingless. Elongate, slender trunk. Raptorial 

forelegs, carnivorous. Probably allied with Mantodea and 

Phasmida. Four species (two extinct) in two genera (one 

extinct). Mantophasma, Raptophasma (extinct). 

Dermaptera0 (earwigs; Fig. 21-19E): Elongate, depressed, 

cosmopolitan. Superficially resemble some beetles. Large, 

sometimes pincerlike cerci are used for defense and prey 

capture. Nocturnal, omnivorous. Doru, Forficula, Labia. 

Plecoptera0 (stoneflies; Fig. 21-19D): Aerial adults, aquatic 

nymphs. Two multiarticulate, caudal cerci; never have a 

median caudal filament. Nymphal tracheal gills, if present, 

tend to be thoracic. Nymphs require clean, cool, well- 

oxygenated water and, along with mayflies and caddisflies, 

are important water-quality indicators. Hemimetabolous. 

Allacapnia, Peltoperla, Perla, Pteronarcys. 

Embioptera0 (Fig. 21-19F): Feed on plants. Live in silken 

tunnels, which they weave ahead of themselves to create 

routes. Silk glands in enlarged foretarsi. Gregarious; many 

individuals live together in connected tunnels, although 

there is no social organization. Tropical, only about 10 North 

American species. Anisembia, Embia, Oligembia, Oligotoma. 

Isoptera0 (termites; Fig. 21-17): Soft, unsclerotized, pale 

or dark body. Abdomen is broadly joined to the thorax, 

without narrowing of the waist. Antennae composed of 

multiple beadlike annuli. Forewings and hindwings of 

equal size. Easily distinguished from ants, which are darker 

and have elbowed antennae, narrow waists, and hind wings 

that are smaller than the forewings. Cryptotermes, Nasutiter- 

mes, Reticulitermes, Zootermopsis. 

Mantodea0 (mantids): Large, elongate, cryptically colored, 

relatively slow moving. Ambush predators with raptorial 

forelegs, elongate prothorax, freely movable head, well- 

developed eyes and ocelli. Brunneria, Mantis, Stagmomantis, 

Tenodera. 

Blattaria0 (cockroaches): Fast, usually nocturnal, omnivorous 

runners. A few feed on wood and harbor endosymbiotic 

zooflagellates similar to those of termites. Termites, cock- 

roaches, and mantids are closely related. Blaberus, Blatta, 

Blatella, Periplaneta, Parcoblatta. 

Zoraptera0 (angel insects; Fig. 21-19G): Rare; about 

30 species in one genus, Zorotypus. Resemble tiny termites. 

Live in colonies under dead wood, often in sawdust piles in 

warm climates. Thought to feed on fungal spores and small, 

already dead arthropods. 

Eumetabola (higher Neoptera): Have a greatly reduced 

number of Malpighian tubules. Juvenile ocelli lost in 

adult. 

Paraneopteraso (hemipteroid insects related to true 
bugs): Most have suctorial mouthparts. Probably arose 

from a psocidlike ancestor. Paurometabolous. 

Psocoptera0 (psocids, book lice, bark lice; Fig. 21-20E): 
Small, fragile, pale. Probably primitive and similar to stem 

hemipteroids. Have chewing mouthparts, not suctorial. 

Hypopharynx can extract water from atmosphere. Chiefly 

herbivorous. Live under bark, in foliage, under stones. The 

book louse, Liposcelis, is found in old, musty books, where it 

feeds on fungi. Archipsocus. 

Phthiraptera0 (lice; Fig. 21-20A,B): Bird and mammal 

ectoparasites. Body is depressed. Secondarily wingless. Legs 

are prehensile, adapted for clinging (Fig. 21-16A). Chewing 

or sucking mouthparts. Unlike in fleas, all stages of the life 

cycle are spent on the host. Transfer from host to host 

requires physical contact of the hosts; may occur during 

sexual contact, in the nest, or while nursing or grooming. 

Probably arose from psocidlike ancestors. 

FIGURE 21-20 Paraneoptera (hemipteroid) insects. 

A, Phthiraptera ("mallophaga"): a guinea pig louse. 

B, Phthiraptera (Anoplura): the human body louse, 

Pediculus humanus. C, Thysanoptera: a thrips. 

D, Hemiptera ("homoptera"): a buffalo treehopper. 

E, Psocoptera: a psocid. (A and B, From Grasse, P. (Ed.): 

Trade de Zoologie. C, After Moulton from Grasse, P. (Ed).: 

Traite de Zoologie. D, After Irving from Curran, H. 1954. 

Golden Playbook of Insect Stamps. Simon and Schuster, New 

York. E, After Sommerman from Ross.) 
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Anopluras0 (sucking lice; Fig. 21-16A, 21-20B): Mammal 

ectoparasites. Suck blood using sucking mouthparts and 

a pharyngeal pump. Some are disease vectors. Human crab 

louse (pubic louse, Phthirus pubis), human body louse 

(Pediculus humanus), human head louse (Pediculus capitis). 

"Mallophaga"s0 (chewing lice; Fig 21-20A): Parasitize 

mostly birds. Chewing mouthparts, well-developed 

mandibles. Most feed on skin, hair, feather particles. Cu- 

clotogaster, Felicola, Menacanthus, Menopon. Trichodectes canis 

is an intermediate host for the dog tapeworm. 

Hemiptera0 (true bugs): The largest order (80,000 

species) of nonholometabolous insects. The only animals 

correctly referred to as “bugs.” Suctorial mouthparts (Fig. 

21-4). Diet, either animal or plant, is liquid. Economically 

significant as herbivores and vectors of plant and animal 

diseases. 

Heteropteras0 (stinkbugs, squash bugs, water striders, 
chinch bugs [Fig. 21-13], many more): Forewings 

(hemielytra) have distinctive proximal sclerotized and distal 

membranous regions. Hind wings are entirely membranous. 

Most have repugnatorial (stink) glands. Most are terrestrial, 

but there are several important aquatic and semiaquatic 

families. Corixa, Dysdercus, Gerris, Lygaeus, Murgantia, 

Notonecta, Reduvius, Triatoma. 

Homopteras0 (aphids, adelgids, cicadas, treehoppers 
[Fig. 21-20D], leaf hoppers): Strictly herbivorous; feed 

on plant juices. Both pairs of wings are membranous, no 

hemielytra. Adelges, Aetalion, Aphis, Magicicada, Philaenus, 

Stictocephala, Tibicen. 

Thysanoptera0 (thrips; Fig. 21-20C): Small (0.5 to 15 mm). 

Suctorial mouthparts, cibarial pump. May be economically 

important as herbivores, plant-disease vectors, or pollinators. 

Wings are distinctive, narrow, have few veins, and are fringed 

with setae. Aeolothrips, Heterothrips, Idolothrips, Merothrips, 

Thrips. 

Holometabolaso: These 11 taxa, which have holometabolous 

development and complete metamorphosis, are by far the 

most successful hexapods, including, for example, 200,000 

species of moths and butterflies; 9000 caddisflies; 100,000 
flies; 130,000 wasps, bees, and ants; and 300,000 beedes. All 

have a pupal stage during which the larva undergoes a radical 

transformation into the imago. 

Coleoptera0 (beetles; Fig. 21-14): The largest order of 

insects, with impressive ecological and morphological 

diversity. Beetles carry sclerotization to an extreme not seen 

in other insects, with most body surfaces hard and armor- 

clad. Forewings usually are heavily sclerotized elytra, or 

wing covers; hind wings are soft and membranous. Most are 

herbivores as adults and larvae, but many, such as the 

beloved ladybird beetles, are carnivores. Almost all are ter- 

restrial, but a few families are important in fresh water. 

Copris, Dermestes, Dytiscus, Gyrinus, Photinus, Popillia, Rodolia, 

Stenelmis. 

Neuroptera0 (ant lions, lacewings, spongillaflies, mantid- 
flies [Fig. 21-21 A]): Adults are delicate, graceful, preda- 

ceous insects with chewing mouthparts, large compound 

eyes, and long antennae. Larvae of the only aquatic family 

(Sisyridae) feed on freshwater sponges. The familiar doodle- 

bugs, or ant lions, as larvae construct conical pits in dr)- sand 

to trap small arthropods. Chrysopa, Climacia, Climaciella, Man- 

tispa, Mynmeleon, Oliarces, Sisyra. 

Megaloptera0 (alderflies, dobsonflies, fishflies): Tend to 

be large. Chewing mouthparts, long antennae. Two pairs of 

similar membranous wings with primitive venation are held 

FIGURE 21-21 Holometabola. A, Neuroptera: the mantispid Mantispa cincticornis. B, Hymenoptera: a 

parasitoid female ichneumon wasp. Note the large ovipositor. C, Trichoptera: an adult caddis fly and larva in case. 

D, Lepidoptera: the royal walnut moth and its caterpillar, the hickory-horned devil. (A, After Banks from Borror and 

De Long, 1971. B, After Lutz. C, After Mohr; Illinois Nat. Hist. Survey, from Ross. D, After Lutz.) 
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tentlike over abdomen. Compound eyes are well developed 

and the mouthparts are mandibulate. Larvae are preda- 

ceous, aquatic, and have tracheate gills. Corydalus, Sialis. 

Raphidioptera0 (snakeflies): Adults are similar to mega- 

lopterans except for having an elongate head and protho- 

rax protruding far anterior to the legs and wings. Adults 

are predaceous; live in vegetation. Larvae are predaceous; 

most are terrestrial, living under the bark of conifers. 

Raphidia. 

Hymenoptera0 (sawflies, ants, bees, and wasps; Fig. 
21-21B): Large and varied taxon. All have chewing 

mouthparts, but they are modified for sucking in many 

taxa. Two pairs of membranous, transparent wings are pres- 

ent in most, but absent in some important exceptions, such 

as worker ants. First abdominal segment usually is broadly 

joined to the thorax and separated from the remaining 

abdomen by a narrow petiole, or waist, creating a sec- 

ondary tagmosis. In females the ovipositor may be a sting. 

Larvae are maggotlike, with chewing mouthparts. Most 

adults feed on fluids such as nectar and honeydew and are 

found near flowers, where they may be important pollina- 

tors. Apanteles, Aphidius, Apis, Bombus, Eciton, Solenopsis, 

Vespa, Vespula, Xylocopa. 

Trichoptera0 (caddisflies; Fig. 21 -21C): Adult is mothlike. 

Have two pairs of hairy wings. Poorly developed mouth- 

parts. Adults either do not feed or subsist on a liquid diet 

of water and nectar and are relatively short-lived. Like 

those of mayflies and stoneflies, caddisfly larvae are aquatic 

microhabitat specialists often present in great diversity in 

suitable habits. Species diversity is greatest in cool, swift 

mountain streams. Larval life revolves around the use of 

silk for construction of cases and portable retreats of stones 

and vegetation, as anchor lines, and as filters for suspen- 

sion feeding. Beraea, Helicopsyche, Hydropsyche, Polycentropus, 

Sericostoma. 

Lepidoptera0 (butterflies, moths; Fig. 21-21D): Adult is 

soft-bodied. Wings, body, and appendages are covered with 

deciduous pigmented scales or hairlike setae. Mandibles 

are absent, maxillae form a coiled extensible proboscis 

(Fig. 21-3) for sucking nectar and fruit juices; some species 

do not feed as adults. Larvae are herbivorous caterpillars. 

Salivary glands produce silk, the uses of which include con- 

struction of a cocoon in which the last larval instar pupates. 

Actias, Danaus, Heliconius, Heliothis, Lymantria, Manduca, 

Melittia, Papilio, Sibine. 

Mecoptera0 (scorpionflies; Fig. 21-22B): Mouthparts are 

extended into a prominent ventral beak. Most have large, 

membranous wings. Adults are omnivorous; grublike larvae 

feed on organic matter. Bittacus, Boreus, Panorpa. 

Siphonaptera0 (fleas; Fig. 21-22A): Small, secondarily 

wingless pterygotes with heavily sclerified, strongly com- 

pressed bodies. Bird and mammal ectoparasites. Legs 

adapted for jumping. Hematophagous, with piercing and 

sucking mouthparts. Some are vectors of bubonic plague 

(Xenopsylla) and typhus (Nosopsyllus). Mating takes place on 

the host or in its nest and eggs fall into the nest, where they 

hatch. Larvae feed on organic matter in the nest and are 

not parasitic. Eventually the larvae pupate and emerge as 

adults, which then infest the host. Ctenocephalides, Orchopeas, 

Pulex. 

Strepsiptera0 (twisted-wing parasites; Fig. 21-22C): 
These tiny, bizarre insects are, as females and larvae, para- 

sites on a variety of other insects. Females usually are larva- 

like, wingless, and never leave the host. They live embed- 

ded in the host’s integument, with only their anterior end, 

with spiracles, protruding as a low bump above the host’s 

exoskeleton. Nutriment from the host’s blood is absorbed 

directly across the permeable cuticle of the parasite’s 

embedded abdomen. In contrast, males have large, 

unusual, fanlike hind wings. The forewings are reduced to 

club-shaped, haltere-like appendages that may have a role 

in balance, and the hind wings are large. Adult males are 

short-lived, nonparasitic, and do not feed. Male’s com- 

pound eyes are large, protruding. Antennae typically have 

processes extending from the flagellum. Eoxenos, Halictoph- 

agus, Stylops, Triozocera. 

Diptera0 (true flies; Fig. 21-22D): Large taxon including 

mosquitoes, horseflies, houseflies, blowflies, botflies, 

midges, gnats, craneflies, blackflies, and many others. 

Compound eyes are large, well developed. Functional, 

FIGURE 21-22 Holometabola. A, Siphonaptera: a flea. B, Mecoptera: a male scorpion fly, Panorpa helena. 

C, Strepsiptera: a male Halictophagus serratus. D, Diptera: the gall gnat, Aphidolestes meridionals (A, After Bouche 

from Borror and De Long, 1971. B, After Taft from Borror and De Long, 1971. C, After Bohart; Entomological Society of America 

from Borror and De Long, 1971. D, After USDA from Bairor and De Long, 1971.) 
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FIGURE 21-23 A phylogeny of hexapods based on 350 morphological characters, 1000 18S rRNA bases, and 
350 28S rRNA bases. Mantophasmatodea, the most recently described order, is not included. The 33 low-level 
taxa of this analysis are the traditional hexapod orders, although in cladistic analysis they do not have equivalent 
ranks. (Redrawn from Wheeler, W. C., Whiting, M., Wheeler, Q. D., and Carpenter,]. M. 2001. The phylogeny of the extant 

hexapod orders. Cladistics 17:113-1691, with modifications based on Wheeler, W. C., personal communication, 2002.) 

membranous forewings; reduced, knoblike hind wings 

(halteres). Mouthparts are variable, but basically are suc- 

torial or sponging; used in conjunction with a cibarial 

pump. Almost all adult flies feed on plant or animal 

fluids. In many taxa known collectively as biting flies, 

females suck blood from vertebrate hosts, usually birds or 

mammals. Adults so frequently are vectors of human and 

animal diseases that this is the most important hexapod 

order in terms of human health. Larvae are maggots 

and are always found in wet substrata such as flesh, fruit, 

water, or mud. Females typically oviposit in a suitable 

moist food source for the larvae, which then live in their 

food as they consume it. Aedes, Aphidolestes, Callitroga, 

Chaoborus, Dermatobia, Eristalis, Gasterophilus, Musca, 

Psychoda, Tabanus. 

This brief survey chapter does not allow space for a dis- 

cussion of phylogeny such as appears in other chapters. As 

a substitute, a cladogram, without apomorphies, showing 

the probable relationships of the above taxa is provided 

(Fig. 21-23). 
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m ycloneuralia consists of six taxa of strange and fascinating 

animals that, with the important exception of nematodes, have 

not received the attention they deserve. The taxon includes 

marine, freshwater, and terrestrial metazoans in Gastrotricha 

(hairy bellies), Nematoda (nematodes or roundworms), Nema- 

tomorpha (horsehair worms), Priapulida, Kinorhyncha (mud 

dragons), and Loricifera. Some are important parasites of spe- 

cial relevance to die well being of humankind, but most are 

small, obscure inhabitants of out of the way habitats where they 

are rarely encountered. The majority are tiny worms, ranging 

from microscopic up to a centimeter in length, although some 

may be much larger. 

Cycloneuralians have a secreted cuticle that, in all except the 

gastrotrichs, is molted, and sometimes contains chitin. Except 

for gastrotrichs, locomotory cilia are lacking and movement is 

accomplished with muscles. Derived, nonlocomotory cilia are 

present, however, in sensory structures, protonephridia, and 

rarely, in the gastrodermis. The eponymous brain, or nerve 

ring, a circular band surrounding the anterior gut, is composed 

of three consecutive and contiguous rings known as the fore- 

brain, midbrain, and hindbrain (Fig. 22-2A). The forebrain and 

hindbrain are ganglionic and composed primarily of cell bodies 

(perikarya), whereas the midbrain is a neuropil consisting 

almost exclusively of nerve axons and synapses. The mouth has 

shifted from the median ventral location characteristic of most 

protostomes to a terminal position at the anterior tip of the 

body. A radially symmetrical pharynx has evolved to replace the 

ancestral bilateral pharynx. It is cylindrical and triradiate, 

with three bundles of epitheliomuscular cells or mesodermal 

myocytes radiating outward from the center (Fig. 22-15). Con- 

tractions of the radial muscles dilate the lumen of the pharynx, 

which functions as a sucking pump. A mesodermal musculature 

is probably plesiomorphic for the taxon and an epitheliomuscu- 

lar pharynx probably arose independently in Gastrotricha, 

Nematoda, and Foricifera. 

Most cycloneuralians are compact (acoelomate) animals 

without a body cavity, and the interior tends to be filled with 

connective tissue consisting of cells and extracellular matrix. 

Any fluid-filled space present arises through persistence of the 

embryonic blastocoel, is unlined by a coelomic epithelium, and 

is thus a hemocoel. A few large cycloneuralians, such as some 

parasitic nematodes and most priapulids, have an expanded 

hemocoel filled with blood (hemolymph). The blood is a 

hydrostatic skeleton and a medium for internal transport, but a 

heart is absent and body movements circulate the fluid irregu- 

larly. A coelom is absent in most. 

Species with a thin, flexible cuticle have antagonistic circu- 

lar and longitudinal muscles acting on a hydrostatic skeleton. 

The hemocoel, whether fluid- or tissue-filled, is the hydrostat. 

Circular musculature tends to be absent in taxa with a thick 

cuticle, which itself antagonizes the longitudinal muscles. 

Adhesive glands are characteristic of many species and often 

open to the outside of the body through projecting cuticular 

tubes. Although the anterior tip of the body bears the mouth 

and sense organs, there is no well-formed head. The gut is 

usually a straight, complete tube. Protonephridia are the typi- 

cal excretory organs. The body is composed of relatively few 

cells, often around 1000. Many species, including the nema- 

todes, have an invariant, species-specific, and genetically fixed 

number of cells, a phenomenon known as eutely, or cell con- 

stancy. The male of the roundworm Caenorhabditis elegans, for 

example, has 1031 cells. In eutelic animals, mitosis ceases fol- 

lowing embryonic development and thereafter growth results 

from increases in cell size. Most cycloneuralians are gono- 

choric and development is strongly determinate. 

G ASTROTRIC H Ap  
Gastrotricha is a small but diverse taxon of some 500 species 

in 50 genera. These tiny metazoans inhabit interstitial spaces 

of marine and freshwater sediments, superficial detritus, the 

surfaces of submerged plants and animals, and the water film 

covering soil particles in terrestrial habitats. Gastrotrichs are 

common animals of ponds, streams, and lakes. The intertidal 

zone of a marine beach may harbor 40 or more species living 

in the spaces between sand grains, and as many as 1000 indi- 

viduals have been reported from 20 ml of sand. Gastrotricha is 

divided into the marine Macrodasyida and the marine and 

freshwater Chaetonotida (Fig. 22-1). 

Most gastrotrichs are microscopic, ranging in length from 

50 to 1000 pm, although some species approach 4 mm. The 

bilaterally symmetrical, bowling-pin- or strap-shaped body is 

flattened ventrally and arched dorsally (Fig. 22-2). The ante- 

rior head bears the sense organs, brain, and pharynx, whereas 

the elongate trunk contains the midgut and reproductive 

organs. There is no introvert or extensible mouth cone. 

Focomotion is by ciliary gliding, and the locomotory cilia 

are always restricted to the flattened ventral surface of the 

trunk and head, although the pattern varies widely with taxon. 

FIGURE 22-1 Gastrotricha. A, A marine macrodasyan, 

Pseudostomella. B, A marine chaetonotan, Halichaetonotus. (A, From 

Ruppert, E. E. 1970. On Pseudostomelia Swedmark 1956 with descriptions of 

P. plnmosa nov. spec., P. cataphracta nov. spec, and a form of P. roscovita 

Swedmark 1956from the West Atlantic coast. Cah. Biol. Mar. 11:121 -143.) 
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FIGURE 22-2 Gastrotricha: anatomy. A and B, A generalized macrodasyan in frontal section (A) and a cross 
section through the pharyngeal region (B). C and D, A generalized chaetonotan in frontal section (C) and a cross 
section through the pharyngeal region (D). (Redrawn and modifiedfromRuppert, E. E. 199L Gastrotricha. In Harrison, 

F. W., and Ruppert, E. E. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 4. Aschelminthes. Wiley-Liss, New York. pp. 41-109.) 

The entire ventral surface may be ciliated or the cilia may be 

arranged in longitudinal bands, transverse rows, or in patches, 

or grouped into cirri, like those of hypotrichous ciliates (Fig. 

22-3). The primitive taxa of gastrotrichs have monociliated epi- 

dermal cells, a feature shared only with the gnathostomulans 

among the acoelomate protostomes. The name Gastrotricha 

refers to the ventral ciliation (gastro = stomach, trich = hair). 

Adhesive tubes provide reversible adhesion to the substra- 

tum and contain duo-gland systems consisting of a viscid gland 

coupled with a releasing gland, as in the turbellarians. Adhe- 

sive tubes may be numerous and located beneath the head, 

along the sides of the body, or on a pair of posterior terminal 

adhesive organs (Fig. 22-2A,C, 22-4). 

The body wall is composed of an external cuticle, epider- 

mis, and circular and longitudinal muscle fibers. The epider- 

mal basal lamina is weakly developed. There is no body cavity 

and the connective-tissue compartment is filled with cells, so 

the organization of the body is compact. The connective tissue 

itself is poorly developed. In the macrodasyans, large, vacuo- 

FIGURE 22-3 Gastrotricha. A, Ventral ciliation pattern of the 
macrodasyan Thaumastoderma. B, Ventral ciliation pattern of the 
chaetonotan Chaetonotus. (After Remane, A. 1936. Gasrotricha. In Bronn, 

H. G. (Ed.): Klassen Ordn. Tierreichs. 4:1—242.) 
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FIGURE 22-4* Gastrotricha: adhesive tubes of the macrodasyan 
gastrotrich, Turbanella. A, Photograph of a living animal, showing 
lateral and posterior adhesive tubes. Each lateral adhesive tube is 
accompanied by a sensory cilium. B, Enlarged view of posterior 
adhesive tubes. C and D, Longitudinal and cross sections of an adhesive 
tube, pa, posterior adhesive tube; la, lateral adhesive tube; f, fiber; vg, 
viscid gland; rg, releasing gland. 

lated Y-cells surrounding the gut may function as a hydrostatic 

skeleton. There is no hemal system or specialized respiratory 

structures in these small animals. 

The cuticle consists of a fibrous inner endocuticle and an 

outer epicuticle (exocuticle) composed of numerous bilay- 

ers of alternating electron-dense and electron-lucent layers 

(Fig. 22-5A). These multiple bilayers surround the entire 

body, including each of the cilia, and probably function as a 

physiological barrier (Fig. 22-5A,B). In some gastrotrichs the 

endocuticle is locally thickened and specialized to form 

scales, spines, and hooks (Fig. 22-1B, 22-5C). The cuticle of 

the general body surface lacks chitin, but traces have been 

found in that of the pharynx. Unlike all other cycloneu- 

ralians, gastrotrichs do not molt. 

The epidermis can be cellular, as in macrodasyans, or syncy- 

tial, as in most chaetonotans. It is ciliated ventrally and, in 

some chaetonotans, the ciliated cells are arranged in two longi- 

tudinal rows that bulge inward to form thickened ridges, or 

cords (Fig. 22-2D, 22-3B). 

The musculature may be cross- or obliquely striated or 

smooth depending on the species. The body-wall musculature 

is usually arranged as rings of outer circular and bands of inner 

longitudinal muscle (Fig. 22-2B,D). Two ventrolateral bands of 

longitudinal muscle are strongly developed and extend the 

length of the body, enabling it to shorten and curl ventrally. 

The circular musculature allows for hydrostatic re-extension of 

the body in most species of Macrodasyida, which have a soft, 

flexible cuticle. In many Chaetonotida, however, a circular 

body-wall musculature is absent and a thick, elastic cuticle 

antagonizes the longitudinal muscles. The innervation of gas- 

trotrich muscle fibers, like that of nematodes (and cephalo- 

chordates), is accomplished by axonlike innervation processes 
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FIGURE 22-5 Gastrotricha. A, Cuticle and part 
of the epidermis of Turbanella ocellata, showing 
the thick, pale endocuticle overlying and adjacent 
to a large epidermal vesicle. The outer epicuticle 
composed of numerous parallel bilayers is adjacent 
to the endocuticle and at the top of the image. 
B, Cross section of a locomotory cilium of Urodasys 
nodostylis, showing the many layers of the 
epicuticle (epc) surrounding the cilium. C, Cuticular 
spines of Tetranchyroderma sp. Inset shows cross 
sections of spines at various levels. 
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from muscle cells to motor neurons in the nerve cord rather 

than by axons from motor neurons to muscle cells. 

The intraepidermal nervous system consists of a brain and 

a pair of ventrolateral longitudinal nerve cords (Fig. 22-2A,D). 

The brain is a typical cycloneuralian triannular collar. The 

nerve cords are near the large ventrolateral longitudinal mus- 

cle bundles and, when present, the thickened epidermal 

cords. Sense organs include cerebral organs as well as sensory 

bristles located over the general body surface. The cerebral 

sensory organs consist of ciliary bristles and tufts (mechanore- 

ceptors), ciliated pits, fleshy appendages (chemoreceptors), 

and simple ciliary ocelli (photoreceptors). All sensoiy recep- 

tors are modified monociliated cells. 

Forward movement in gastrotrichs is the result of smooth 

ciliary gliding. Muscular action is important, however, in spe- 

cialized movements, such as escape responses, turning, and 

copulation (Fig. 22-6). An escape response can be a rapid 

rearward withdrawal of the head and trunk to an attachment 

made by the posterior adhesive organ or a series of inchworm- 

like retreating movements. During copulation, the two ani- 

mals use muscles to twist their posterior ends together. 

The gut includes the mouth, pharynx, intestine, and anus. 

The terminal mouth usually opens directly into the pharynx, 

which is an elongate, glandular, muscular tube (Fig. 22-2). 

The pharyngeal wall is composed largely of a thick layer of 

epitheliomuscular cells. In the pharynx circular and longitudi- 

nal muscle layers surround a thick layer of radial muscles. The 

lumen is triradiate (triangular or Y-shaped, as in Fig. 22-2D) 

and lined with cuticle. In macrodasyans, the pharynx opens to 

the exterior through a pair of pharyngeal pores (Fig. 22-2A,B) 

before joining the intestine (midgut) via a valve that prevents 

backflow. The intestine is a cellular, cylindrical tube that 

tapers to join a posterior ventral anus. The monolayered 

midgut epithelium generally lacks cilia, but is lined with a 

brush border of microvilli. Primitively the midgut wall 

includes circular and longitudinal muscles, but in chaetono- 

tans the circulars are absent. 

Gastrotrichs feed on small, dead or living organic particles, 

such as bacteria, diatoms, and small protozoa, all of which are 

sucked into the mouth by the pumping action of the pharynx. 

In macrodasyans the paired pharyngeal pores vent excess 

water ingested with food. Digestion, which is probably both 

extracellular and intracellular, and absorption take place in 

the intestine. 

A single pair of protonephridia occurs in the anterior 

trunk of marine and freshwater chaetonotans, but several 

pairs are arranged serially along the length of the body in the 

marine macrodasyans (Fig. 22-2A,C). They probably are 

chiefly osmoregulatory in function. The nephridiopores open 

on the ventrolateral surface of the body. 

In contrast with other cycloneuralians, gastrotrichs are her- 

maphroditic and sperm transfer is indirect. Reproductive 

anatomy and behavior vary widely in Gastrotricha and are not 

yet well understood. In Macrodasys, which probably approxi- 

mates the ancestral plan, there is a pair of hermaphroditic 

gonads, each with an anterior testis and a posterior ovary (Fig. 

22-2A). Sperm ducts carry the sperm, which may be packaged 

in spermatophores, to a pair of ventral male gonopores 

located near the middle of the body. Gonopores, both male 

and female, are often temporary. A copulatory organ is 

located at the posterior end of the body. Immediately prior to 

copulation, this organ is brought into contact with the male 

gonopores and loaded with sperm. The copulatory organ then 

transfers the sperm into the partner’s seminal receptacle 

through the female gonopore. Fertilization occurs internally 

in the female part of the system and fertilized eggs are 

released by rupturing through the body wall. All species have 

complex accessory reproductive organs. There are many varia- 

tions on this pattern and at least one species is viviparous. 

The male system of the freshwater chaetonotans is degener- 

ate and nonfunctional, so all individuals are believed to be 

female and to reproduce parthenogenetically (Fig. 22-2C). 

Recently, however, sperm have been discovered in the com- 

mon and widespread Lepidodermella squamata and in many 

other species, but it is not known if they are functional. 

In the freshwater parthenogenetic chaetonotans, two types 

of eggs are produced and attached to the substratum. One 

type is the dormant, or resting, egg, which, like those of 

rotifers, cladocerans, and freshwater flatworms, can withstand 

desiccation and low temperatures. The other type hatches in 

one to four days. Although tiny in absolute terms (< 50 |xm), 

the eggs, which occupy most of the trunk and are produced 

and laid one at a time, are enormous compared to the size of 

the animal. 

Cleavage is bilateral and development is determinate, 

direct, and benthic. Young gastrotrichs have most of the adult 

structures upon hatching and reach sexual maturity in about 

three days. Growth results primarily in elongation of the trunk 

FIGURE 22-6 Gastrotricha. 
A, Ciliary gliding over a surface in 
Chaetonotus. B, Retraction toward 
anchored posterior adhesive 
organs in Neodasys. C, Forward 
creeping in Macrodasys. D, 
Skipping locomotion using muscle- 
actuated spines in the pelagic 
Stylochaeta. (A, C, andD, Redrawn 

from Remane, A. 1936. Gasrotricha. 

In Bonn, H. G. (Ed.): Klassen Ordn. 

Tierreichs. 4:1-242.) 
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and morphogenesis of the reproductive system. Laboratory stud- 

ies of Lepidodermella indicate a maximum life of about 40 days, 

during the first 10 of which four or five eggs are produced. 

DIVERSITY OF GASTROTRICHA 
Macrodasyidac: Body usually is wormlike, elongate, dorsoven- 

trally flattened. Adhesive tubes located at anterior and poste- 

rior ends and along the sides of body. Pharyngeal lumen is 

inverted-Y shape; pharyngeal pores present. Cellular epi- 

dermis. Hermaphroditic. In marine and estuarine sediments. 

Dactylopodola, Macrodasys, Pseudostomella, Tetranchyroderma, Tur- 

banella, Urodasys. 

Chaetonotidac: Body is bowling-pin-shaped. Adhesive tubes 

are restricted to posterior end. Pharyngeal lumen is 

Y-shaped; pharyngeal pores are absent. Syncytial epidermis. 

Freshwater and marine. Freshwater species are partheno- 

genetic. The primitive marine Neodasys, with a wormlike 

body, lateral and posterior adhesive tubules, and a cellular 

epidermis, is exceptional. Chaetonotus, Halichaetonotus, Lepi- 

dodermella, Neodasys, Xenotrichula. 

NEMATODA1’  
Nematodes, or roundworms, are the most diverse cycloneuralian 

taxon and possibly the largest animal phylum. At present only 

about 20,000 species have been described, but there is specula- 

tion that millions more await discovery. Nematodes are among 

the most widespread and abundant of all metazoans. These 

worms inhabit moist interstitial environments in all habitats, 

including the bodies of plants and animals. They are abundant 

in marine and freshwater benthic habitats, in the soil, and as 

parasites in a great variety of plant and animal hosts. They occur 

from the poles to the tropics in all types of environments, includ- 

ing deserts, high mountains, and the deep sea. Nonparasitic 

nematodes are meiofaunal animals that live in the interstitial 

spaces of algal mats, aquatic sediments, and terrestrial soils, 

where they may be present in staggering numbers. One square 

meter of mud off the Dutch coast contains 4,420,000 nematodes, 

a hectare of good farm soil can contain billions of terrestrial 

nematodes, and a single decomposing apple lying on the ground 

in an orchard yielded 90,000 roundworms in several species. 

Unusual aquatic habitats include hot springs in which the 

water temperature reaches 53°C and water in the leaf axils of 

epiphytic bromeliads high in the canopy of a tropical rain for- 

est. In large lakes, there is often a distinct zonation of benthic 

nematode species from the shoreline into deeper water. 

Terrestrial species live in the him of water surrounding each soil 

particle, making them, like other nematodes, aquatic. Some 

species, in fact, are found in both soil and fresh water. Although 

terrestrial nematodes exist in enormous numbers in the upper 

soil, population density decreases rapidly with increasing depth. 

Moreover, densities are highest near plant roots. In addition to 

the more typical terrestrial habitats, nematodes have also been 

reported from accumulations of detritus in leaf axils and in the 

angles of tree branches. Mosses and lichens maintain a charac- 

teristic nematode fauna with the ability to withstand periodic 

desiccation. During such times the worm passes into a state of 

suspended animation called cryptobiosis. 

In addition to free-living species, there are many parasitic 

nematodes displaying all degrees of parasitism and attacking 

virtually all plants and animals, often in species-specific rela- 

tionships. The numerous species that infest humans, food and 

horticultural crops, and domesticated animals make Nematoda 

one of the most important parasitic animal taxa. Nematoda 

also contains one of the most intensely studied laboratory ani- 

mals, Caenorhabditis elegans, whose every cell has been traced 

throughout the course of development and whose genome is 

among the best known of all organisms. 

That nematodes are ubiquitous, abundant, and habitat- or 

host-specific was famously noted long ago by the nematologist 

N. A. Cobb, who said, “If all the matter in the universe except 

the nematodes were swept away, our world would still be dimly 

recognizable, and if, as disembodied spirits, we could investi- 

gate it, we should find its mountains, hills, vales, rivers, lakes 

and oceans represented by a thin him of nematodes.” (Cobb, 

N. A. 1915. Nematoda and their relationships. Year Book 

Dept. Agric., 1914. USDA, Washington, DC. pp. 457-490.) 

FORM 
In spite of the large number of species, nematode morphology 

is unusually homogeneous and most share a common body 

plan. Nematodes are the quintessence of vermiformity, being 

elongate, cylindrical, and tapered at both ends (Fig. 22-7A). 

This shape, an important adaptation for moving in small spaces, 

is typical of interstitial animals. The majority of free-living 

nematodes are less than 2.5 mm in length and most are about 

1 mm. Many are microscopic, but some soil nematodes are as 

long as 7 mm, some marine species attain lengths of 5 cm, and 

some parasites reach 50 cm or more. 

The body is cylindrical, hence the common name round- 

worm. It is not divided into regions, although one genus, 

Kinonchulus, has an introvert with six double, longitudinal rows 

of cuticular spines. The anterior end is radially symmetrical, but 

most of the body and organ systems have bilateral symmetry. 

The mouth is terminal, located at the anterior end, and sur- 

rounded by various lips and sensilla (Fig. 22-8A). In many 

marine nematodes, including the most primitive species, six lips 

border the mouth, with three on each side; as a result of fusion, 

however, often there are only three in the more derived terres- 

trial and parasitic species. Primitively, the lips and the adjacent 

surface bear sensilla and a variety of cuticular projections. 

A caudal gland (spinneret) is typical of many free-living 

nematodes, including most marine species. The gland opens 

at the posterior tip of the body, which is sometimes drawn out 

to form a cylindrical tail. In some nematodes it is known to be 

a duo-gland adhesive organ. 

Nematode tissues may be cellular or syncytial and typically 

are characterized by a species-specific number of cells or 

nuclei. There are no locomotory cilia in nematodes, but some 

primitive species have ciliated gastrodermal cells. 

BODY WALT 
The body wall consists of a cuticle, epidermis, and longitudinal 

muscles. Members of the marine interstitial Stilbonematidae 

have body surfaces clothed with symbiotic filamentous blue- 

green bacteria and consequently appear to be hairy. 
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FIGURE 22-7 Nematode diversity. A, The marine Echinotheristus. B, A parasitic mermithid nematode. C, The 

marine interstitial Desmoscolex. D# The marine Greeffiella. E, The marine interstitial Epsilonema. F, The marine 

Draconema. (A, C, andD, Redrawn from Riemann, F. 1988. Nematoda. In Higgins, R. P., and Theil, H. (Eds.): 

Introduction to the study of meiofauna. Smithsonian Institution Press. Washington, DC. pp. 293-301; B, Drawn from a 

photograph in Pearse, V., Pearse,J., Buchshaum, M., et al. 1987. Living Invertebrates. Boxwood Press. Pacific Grove CA 

p. 284.) 

The cuticle covers the body and lines the pharynx and 

hindgut. As in most cycloneuralians, it is molted and is often 

sculptured or ornamented in various ways (Fig. 22-7). In nema- 

todes it is more complex than in other cycloneuralians and 

includes several layers (Fig. 22-9). Outermost is a thin epicuticle 

of largely unknown composition that probably includes lipids 

and carbohydrates. It resembles the gastrotrich epicuticle but 

has only one electron-lucent layer enclosed on each side by an 

electron-dense layer. Inside the epicuticle are three additional, 

largely collagenous layers that account for most of the thickness 

of the cuticle. The cortex, which is outermost, is sometimes 

annulated (ringed) and may contain elastin. The median layer, 
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Lips (labia) 
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Mouth 

Inner labial papilla 

Outer labial papilla 

Body 

FIGURE 22-8 Nematoda. A, Oral view of a generalized nematode, showing typical sensory structures. B, 

Longitudinal section of an amphid of Caenorhabditis elegans. (A, Modified and redrawn after Jones from Lee, D. L., 

and Atkinson, H.J. 1977. Physiology of Nematodes. Columbia University Press, New York. p. 161; B, Modified from Ward, S., 

Thomson, J. G., and Brenner, S. 1975. Electron microscopical reconstruction of the anterior sensory anatomy of the nematode ’ 

Caenorhabditis elegans./. Comp. Neurol. 160:313-338.) 
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FIGURE 22-9 Nematoda ecdysis: Although details vary with species, molting often occurs in the sequence 
shown. A, Intact cuticle. B, Separation of the old cuticle from the epidermis, digestion of the old basal layer, and 

<3 

secretion of a new epicuticie. C, Secretion of new outer and inner cortex and digestion of old median layer. 
D, Secretion of new basal layer to complete the new cuticle. The remaining old cuticle is shed (D and E). 

which is variable and may be fluid or structured, accounts for 

most of the differences between cuticles of different species. 

The innermost basal layer may be striated or laminated or con- 

tain fibers in a crossed-helical arrangement. There is no chitin 

in the body cuticle, although it is present in that of the pharyn- 

geal lining and eggshell of some species. 

Nematodes molt four times as they grow, although some 

growth also occurs without molting. The old cuticle separates 

from the underlying epidermis, a new cuticle is secreted, and 

the old cuticle is shed, sometimes in fragments (Fig. 22-9E). 

Molting ceases when adulthood is reached, but the animal 

continues to grow and the existing cuticle expands. Molting 

occurs in three stages. First, the old cuticle separates from the 

epidermis and its hydrolysis begins with its innermost (basal) 

layer (Fig. 22-9B). Second, secretion of the new cuticle (Fig. 

22-9B-D) is accompanied by the continued hydrolysis of the 

old cuticle from the inside out. The new cuticle, conversely, is 

secreted beginning with the outermost layer (epicuticle) first 

(Fig. 22-9B). Finally, during ecdysis the remains of the old exo- 

cuticle are shed (Fig. 22-9D). Ecdysone, the hormone that 

controls molting in arthropods, is present in nematodes and 

presumably has the same role. 

The epidermis may be cellular or syncytial, depending on 

the species. It secretes the cuticle, stores nutrients, bears fibers 

(tonofilaments) that attach the musculature to the cuticle 

(Fig. 22-9), and, in some endoparasitic species, is an impor- 

tant surface for the absorption of nutrients from the host. The 

nematode epidermis expands internally to form ridges along 

the mid-dorsal, midventral, and midlateral lines of the body 

(Fig. 22-1OC). These four epidermal cords extend the length 

of the body and contain the epidermal nuclei, excretory 

organs, and longitudinal nerve cords. 

The muscle layer of the body wall is composed entirely of 

longitudinal fibers and there are no circular muscles. The lon- 

gitudinal muscles are in four bands separated by the epidermal 

cords (Fig. 22-10B,C, 22-11). Each nematode muscle fiber, like 

those of gastrotrichs, is divided into a basal region containing 

contractile proteins and an axonlike innervation process that 

lacks contractile fibers. This cytoplasmic process extends to the 

closest dorsal or ventral nerve cord, where it synapses with 

motor neurons. Motor signals from the CNS are transmitted to 

the muscle’s contractile region by these processes, rather than 

by axons. In addition to the body-wall musculature, nematodes 

have muscles associated with the reproductive organs and 

sometimes a few muscle cells with the intestine. The body-wall 

muscles attach to the inside of the cuticle by tonofilaments 

extending from the muscles through the epidermal cells to 

hemidesmosomes on the cuticle (Fig. 22-9A, 22-1 IB). 

The nematode body cavity is a hemocoel (Fig. 22-1 OC, 

22-11 A), but it is small or nonexistent in most small, free-living 

nematodes, which are thus compact. It may be spacious in 

large species, such as the parasitic Ascaris. When present, it 

occupies the space between the body-wall musculature and the 

gut and surrounds the reproductive organs. Fluid in the cavity 

is pressurized and functions as a hydrostat. The fluid contains a 

variety of organic metabolites, including hemoglobin in some 

species, but no circulating cells. A few phagocytic cells, how- 

ever, are permanently attached to the walls of the cavity and 

are important in internal defense. There is no specialized gas- 

exchange surface. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The entire nematode nervous system is intraepithelial in the 

epidermis, pharynx, and hindgut. The brain is a collarlike, tri- 

annular, circumpharyngeal nerve ring (Fig. 22-10, 22-11, 22-14) 

like that of other cycloneuralians. Sensory nerves extend anteri- 

orly from the brain to innervate the many cephalic sensilla. 
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FIGURE 22*10 Nematode general anatomy. A-C, Generalized female nematode in lateral view (A) and 

^ ross sections (B and C). D, Generalized male nematode in lateral view. The volume of the hemocoel has been 

exaggerated for clarity. (Redrawn from Lee, D. L., and Atkinson, H.J. 1977. Physiology of Nematodes. Columbia 

University Press, New York. p. 161.) 
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Dorsal, lateral, and ventral nerve cords extend posteriorly in the 

epidermal cords, but motor output to the body-wall muscles is 

from the dorsal and ventral cords only. Two short cords exit the 

brain ventrally and quickly join to form the ventral nerve cord. 

Some motoneurons from the ventral nerve cord extend dorsally 

via commissures to join the dorsal nerve cord, but most run pos- 

teriorly in the ventral cord. The dorsal nerve cord is motor, but 

the ventral cord is sensory and motor. The lateral cords are 

chiefly sensory and serve the excretory canals. 

The principal external sensilla are papillae, setae, amphids, 

and phasmids, all of which bear a ciliated dendrite enclosed in a 

specialized, cuticularized part in the body wall (Fig. 22-8). The 

papillae are arranged in three rings around the mouth. The 

labial (two rings of six each) and cephalic (one ring of four) 

papillae are low projections of The cuticle on the lips and head, 

respectively. The outer labial papillae and cephalic papillae are 

believed to be mechanoreceptors. The inner labial papillae, 

amphids, and phasmids all open to the exterior via a small cutic- 

ular pore, thus exposing the sensory cilia direcdy to the external 

environment. These sensilla are believed to be chemosensory, 

but each probably responds to a different set of chemical cues. 

Males also have sensilla surrounding the anus, which is also the 

male gonopore. Setae are elongate cuticular bristles on the head 

and body. They are touch receptors that, when stimulated, cause 

the animal to withdraw from the stimulus. 

Amphids are best developed in free-living aquatic, and 

especially marine, nematodes. They are pouch- or tubelike 

invaginations of the cuticle open to the exterior and contain- 

ing ciliated receptor cells. Amphids are paired, with one on 

each side of the head (Fig. 22-8), and are mechano- and 

chemosensory. In the tail region of some nematodes (such as 

Secernentea) is a pair of enigmatic unicellular glands called 

phasmids (Fig. 22-18A) that may be chemosensory, secretory, 

or excretory. They are best developed in parasitic nematodes. 

Two simple pigmented ocelli are located laterally, one on 

each side of the pharynx, on some marine and freshwater nema- 

todes, but their function is uncertain. Some are equipped with 

cuticular lenses and are probably photoreceptive. Internal 

stretch receptors have been found in the epidermal cords and 

probably regulate locomotor movements. 

LOCOMOTION 
Most nematodes move forward and rearward using sinuous, 

eel-like undulations of the body. The undulations are in the 

dorsoventral plane, rather than side to side as in eels, and are 

produced by the alternate contraction of dorsal and ventral 

longitudinal muscles (Fig. 22-12A). In the absence of circular 

muscles, the longitudinal muscles are antagonized by the elas- 

tic cuticle. Annulations in the cuticle of many nematodes may 

FIGURE 22-12 Nematode locomotion. A, Typical dorsoventral undu- 
latory locomotion in a generalized nematode. Cross sections show 
contracted muscles (shaded) used to bend the body in the indicated 
regions. B, Retraction movement similar to that found in the ciliate 
Vorticella, shown here in the marine semisessile nematode Trefusia. 
C, Springing or thrusting locomotion in the marine Theristus caudasaliens. 
This nematode forcibly flicks its posterior end and springs forward. 
D, Earthwormlike progression in the marine genus Desmoscolex. E, Single 
spiral wave used by the gut parasite Nippostrongylus to move among 

intestinal villi. F, Inchwormlike locomotion in the marine interstitial 
Epsilonema. This nematode alternates attachment of its adhesive toe and 
bristles on the trunk. (B, Redrawn from Riemann, F. 1974. On hemisessile 

nematodes with flagelliform tails living in marine soft bottoms and, on micro-tubules 

found in deep sea sediments. Mikrofauna Meeresbodens 40:1-15; C, Redrawn from 

Adams, P. J. M., and Tyler, S. 1980. Hopping locomotion in a nematode: 

Functional anatomy of the caudal gland apparatus of Theristus caudasaliens sp. 

n.J. Morphol. 164:265-285; E, Lee, D. L., and Atkinson, H.J. 1977. Physiology 

of Nematodes. Columbia University Press, New York. p. 161.) 
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improve flexibility, whereas crossed-helical fibers prevent 

kinking as the body flexes and herniation as the hydrostatic 

pressure rises. 

If nematodes are removed from their natural environment, 

as, for example, during laboratory observations, movement is 

degraded to ineffective whipping and thrashing motions and 

the animal cannot make forward progress. Efficient undulatory 

locomotion requires a substratum, such as a sand-grain or sur- 

face film, to push against and is ineffective in a pelagic habitat. 

Most free-living nematodes are interstitial and can move rapidly 

and efficiendy by pushing against the confines of the small 

spaces they inhabit (Fig. 22-12E). The pore size that allows for 

optimum undulatory locomodon is about 1.5 times the worm’s 

diameter and for most soil nematodes, soil-pore sizes of 15 to 

45 pm are ideal. In a variation of undulatory motion, some 

nematodes contract the posterior end of the body and thrust 

against the substratum to spring forward (Fig. 22-12C). 

Many nematodes may swim intermittently for short dis- 

tances. This is true, for example, of moss-inhabiting species 

when the moss is flooded following a rain. A few species can 

crawl, taking advantage of a cuticle sculptured to grip the sur- 

face. The crawling of one species, Desmoscolex, which has a 

ringed cuticle, is similar to that of earthworms (Fig. 22-12D). 

Some crawl like caterpillars, and others move like inchworms 

(Fig. 22-12F). The caudal gland, which is present in most 

marine nematodes, is used for temporarily attaching to the 

substratum. It may also be used for tail-anchored escape move- 

ments similar to those employed by the ciliate protozoan Vorti- 

cella (Fig. 22-12B). Rapid contractions of the caudal organ and 

posterior body pull the animal close to the substratum and 

perhaps remove it from harm’s way. 

NUTRITION 
Many free-living nematodes are carnivorous and feed on small 

metazoan animals, including other nematodes, but many 

others are herbivores. Many marine and freshwater species 

feed on diatoms, algae, fungi, and bacteria. Algae and fungi 

frequently are important food for terrestrial species. A large 

number of terrestrial nematodes pierce the cells of plant roots 

and suck the contents. In the United States, such nematodes 

are annually responsible for billions of dollars of damage to 

agricultural crops. There are also many deposit-feeding 

marine, freshwater, and terrestrial species that ingest particles 

of substratum. Deposit feeders and the many nematodes that 

ingest dead organic matter such as dung or the decomposing 

bodies of plants and animals are actually utilizing the associ- 

ated bacteria and do not digest the dead organic matter itself. 

This is true, for example, of the common vinegar eel, Turbatrix 

aceti, which lives in the sediment of nonpasteurized vinegar. 

Nematodes are the largest and most ubiquitous group of 

organisms feeding on fungi and bacteria and as such are a 

major link between decomposers and higher trophic levels. 

Although many nematodes feed on fungi, the tables are some- 

times turned, for there are a few fungi that prey on nematodes. 

The worms are snared when they unwittingly pass through 

a noose made of a loop of a threadlike fungal hypha. The 

noose contracts and traps the worm, which is then digested. 

The gut is typically cycloneuralian, with a foregut, midgut, 

and hindgut and an anterior terminal mouth. The ectodermal 

foregut consists of the buccal cavity and pharynx, the endo- 

dermal midgut is the intestine, and the ectodermal hindgut is 

the rectum. The mouth opens into a tubular buccal cavity 

(Fig. 22-10A, 22-13). The cuticle is often strengthened with 

ridges, rods, or plates, or it may bear teeth. The structural 

details of the buccal cavity are correlated with feeding habits 

and are important for identifying species. Teeth are common 

in carnivorous nematodes and may be small and numerous or 

limited to a few large, jawlike processes. The toothed terres- 

trial nematode Mononchus papillatus (Fig. 22-13C), which has 

a large dorsal tooth opposed by a buccal ridge, consumes as 

many as 1000 other nematodes during its life span of approxi- 

mately 18 weeks. In feeding, this nematode attaches its lips to 

the prey and makes an incision with the large tooth. The con- 

tents of the prey are then pumped out by the pharynx. 

In some carnivores, as well as in many herbivorous species 

that feed on the contents of plant cells, the buccal cavity is 

equipped with a long, hollow or solid cuticular stylet (Fig. 

22-13B), which can protrude from the mouth to puncture 

the cell. A hollow stylet functions like a hypodermic needle 

through which the contents of the prey are sucked out by 

the pharynx. In contrast, a solid stylet is thrust rapidly forward 

and backward through the cell wall to release the contents. 

The buccal cavity leads into a tubular pharynx (Fig. 22-10A,D, 

22-14). The pharyngeal lumen is triradiate in cross section and 

lined with cuticle (Fig. 22-15). The wall is composed of three 

FIGURE 22-13 Nematode buccal cavities. A, The bacteriovore Rhabditis. B, The plant root cell predator 

Criconemoides. C, The protozoan and micrometazoan carnivore Mononchus. D, The intestinal parasite 

Ancylostoma. (A, C, and D, Redrawn from Lee, D. L., and Atkinson, H.J. 1977. Physiology of Nematodes. Columbia 

University Press, New York. p. 161; B, Redrawn from Nicholas, W. L. 1984. The Biology of Free-Living Nematodes. 

Clarendon Press, Oxford, p. 28.) 
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FIGURE 22-14 Nematode pharynges. A, Monhystera, 

marine and freshwater species that feed on bacterial 

aggregates. B, Rhabditis, marine and terrestrial species that 

feed on bacteria. C, Juvenile Gastromermis species parasitize 

the hemocoel of insects, absorbing nutrients directly through 

the body wall rather than with the vestigial pharynx. D, The 

stylet-bearing Criconemoides, which punctures plant roots 

and sucks out the contents. (A, B, ancLD, Modified and redrawn 

from Nicholas, W. L. 1984. The Biology of Free-Living Nematodes. 

Clarendon Press, Oxford, p. 28.) 

bands, of radial epitheliomuscular cells and associated gland 

cells, as in gastrotrichs. The pharynx is a pump that sucks food 

from the mouth into the intestine. The triradiate arrangement is 

an adaptation for sucking. Three bands of muscle are required 

in order for contraction to expand the lumen. Valves are 

frequently present to control the direction of flow. 

A long, tubular intestine consisting of a single layer of epithe- 

lial cells without muscles or connective tissue extends posteriorly 

from the pharynx for the length of the body (Fig. 22-1OA). In 

primitive species such as Eudorylaimus (Fig. 22-16A) the epithe- 

lium is ciliated. In most nematodes, however, cilia are absent and 

the epithelium has a brush border of microvilli (Fig. 22-16C). 

Absorption occurs in the intestine and is facilitated by the 

microvilli. A valve located at each end prevents food from being 

forced out of the intestine by the hydrostatic pressure of the 

hemocoel. In mermithid nematodes, which are parasites of 

invertebrates, the midgut is syncytial, lacks a lumen, and func- 

tions in food storage but not digestion (Fig. 22-16D,E). Nutri- 

ents absorbed through the body wall are stored in the syncytium, 

which thus functions as a liver. 
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Cuticle 

Motor neuron body 
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FIGURE 22-15 Nematoda. Transverse section of the 

epitheliomuscular pharynx of Caenorhabditis elegans. (Drawn from 

an electron micrograph from Albertson, D. G., and Thomson, J. N. 1976. The 

pharynx o/Caenorhabditis elegans. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 

275:299-325.) 

Digestive enzymes are produced by the pharyngeal glands 

(Fig. 22-15) and the intestinal epithelium. Digestion begins 

extracellularly in the intestinal lumen but is completed 

intracellularly. The intestine is also an important organ of 

nutrient storage and yolk synthesis for developing oocytes. 

In Caenorhabditis elegans, the intestine synthesizes yolk pro- 

teins and exports them, via the hemocoel, to the ovary. 

A short, cuticle-lined rectum connects the intestine with the 

anus, which is on the midventral line just anterior to the 

posterior tip of the body (Fig. 22-10A). 

EXCRETION 
Nematodes excrete ammonia, which is lost by diffusion 

across the body wall. Osmoregulation, ionic regulation, and 

perhaps the excretion of other waste metabolites seem to be 

associated with two types of specialized structures unique to 

nematodes. These are one or more excretory glands and the 

excretory canal system, or both (Fig. 22-17), but they are 

poorly understood and may not be excretory after all. When 

gland and canal cells occur in the same worm, they share 

a common pore. They do not resemble protonephridia or 

metanephridia, do not operate by filtration, and may be 

secretion kidneys. A few nematodes lack any recognizable 

excretory organs. 

The excretory gland (ventral cell or renette cell) occurs by 

itself in Adenophorea and in conjunction with an excretory 

canal system in some members of Secernentea. This large cell, 

or cells, protrudes into the hemocoel and has a necklike duct 

that opens at a midventral pore (Fig. 22-17). The cell is secre- 

tory, but the function of its secretions may not be excretory 

and several alternatives have been suggested or demonstrated 

for it. In the citrus nematode Tylenchulus semipenetrans, it may 

secrete a gelatinous matrix around the eggs. It may secrete the 

outer glycoprotein coat of the cuticle of the root-knot nema- 

tode Meloidogyne javanica, and it may produce exoenzymes to 

initiate digestion of host tissues in some animal parasitics. In 

some it may secrete a molting fluid that initiates the separa- 

tion of the old cuticle from the epidermis. 
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FIGURE 22-16 Nematode midgut specializations. A, Although un- 

usual in nematodes, the midgut is ciliated in Eudorylaimus, B and C, The 

midgut of most nematodes lacks cilia and is lined only by a brush 

border of microvilli. D and E, In the parasitic mermithid nematodes, the 

midgut is syncytial and lacks a lumen. Mermithids absorb host nutrients 

directly across the body wall, the gut playing no role in ingestion or 

digestion. Instead, it functions as a nutrient storage organ, called a 

trophosome. [A, After Zmoray, I., and Guttekova, A. 1969. Ecological 

conditions for the occurrence of cilia in intestines of nematodes. Biol. Bratisl. 

24:97-112; B, Redrawn after Lee, D. L., and Atkinson, H.J. 1977. Physiology 

of Nematodes. Columbia University Press, New York, p. 37; D and E, Modified 

and redrawn after Batson, B. S. 1979. Ultrastructure of the trophosome, a food- 

storage organ in Gastromeris boophthoorae (Nematode: Mermithidae). Int. J. 

Parasitol. 9:505-514.) 

All members of Secernentea, which includes many terrestrial 

species, have an excretory canal system, often in addition to an 

excretory gland. The entire canal system lies within a single 

elaborate cell, the largest in the animal’s body (Fig. 22-17A,B). 

Generally the cell is laid out in the form of the letter H, with two 

long canals (the uprights of the H) embedded in the lateral epi- 

dermal cords and joined together by a short transverse canal 

(the crossbar of the H). A short excretory duct leads anteriorly 

from the transverse canal to a midventral pore in the pharyn- 

geal region of the body. In some nematodes, the duct is 

enlarged to form an ampulla (bladder), which fills and empties 

rhythmically at a rate correlated with the osmolarity of the envi- 

ronment. The canal system has been shown to have an 

osmoregulatory function in Caenorhabditis elegans, but the mech- 

anism by which water enters the canals from the body is 

unknown; osmosis may play a role. Cilia and muscles are absent 

from the canals. 

REPRODUCTION AND DEVELOPMENT 
Most nematodes are gonochoric, but hermaphroditic species 

such as Caenorhabditis elegans are not uncommon, and some 

species are parthenogenetic. Fertilization is internal, with cop- 

ulation. Many are sexually dimorphic, with males smaller than 

FIGURE 22-17 Nematode excretion. A, Generalized anatomy of the binucleate excretory gland and excretory 

canal of secernentean nematodes in ventral view. B, Enlargement of the system in A. C, The excretory gland of 

the adenophorean nematode Rhabdias. (A and B, Based chiefly on Caenorhabditis elegans. Modified from Nelson, 

F. K., Albert, P. S., and Riddle, D. L. 1983. Fine structure of the Caenorhabditis elegans secretory-excretory system. 

J UUrastruct. Res. 82:156-171; C, Redrawn after Chitwood, 1931, from Hyman, L. H. 1951. The Invertebrates. Vol 3 

McGraw-Hill Book Co., New York. p. 241.) 
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FIGURE 22-18 Nematode reproduction, male. A, Lateral view of the male reproductive system of 
a generalized nematode with one testis. B, Copulatory bursa of a parasitic trichostrongyle nematode. 
During copulation, the bursa wraps around the body of the female like a glove and secures the male firmly 
to the surface of her body. C, Ameboid sperm of Caenorhabditis elegans. D, Nematode copulation. (A and B, 

Redrawn from Lee, D. L., and Atkinson, H.J. 1977. Physiology of Nematodes. Columbia University Press, New York. pp. 116, 

118; C, Redrawn from Ward, S., Argon, Y., and Nelson, G. A. 1981. Sperm morphogenesis in wild-type and fertilization- 

defective mutants o/Caenorhabditis elegans./. Cell Biol. 91:26-44.) 

females. The posterior end of the male is curled like a hook or 

broadened into a fan-shaped copulatory aid called a bursa 

(Fig. 22-18B), and the male reproductive system joins the 

rectum to form a common cloaca, which opens to the exterior 

via the anus. 

The gonads are tubular and may be paired (Fig. 22-19A) or 

single (Fig. 22-18A). When paired, one is anterior and the 

other posterior (Fig. 22-1OA) rather than to the right and left. 

In free-living species that produce small numbers of gametes, 

each gonad typically bends back on itself to form a simple 

C shape (Fig. 22-19A). In parasitic species that produce vast 

numbers of gametes, the gonads often are extremely long and 

coil on themselves. In general, the upper region of a gonad is 

a germinal zone where gonial cells are produced by mitosis 

(Fig. 22-19A). The remainder of the tube is regionally special- 

ized for various functions, including the meiotic divisions 

(gametogenesis) that convert the gonia into gametes. In most 

nematodes gametogenesis occurs as the gonial cells move 

down the tube toward the gonopore (Fig. 22-18A, 22-19A). 

Males may have one or two tubular testes (the germinal 

zone), each of which widens gradually into a long sperm duct 

(Fig. 22-18A). Moving downstream, each sperm duct expands 

to become a seminal vesicle where spermatozoa from the testis 

are stored. The seminal vesicle joins a prostatic region with 

glandular, secretory walls. Prostatic secretions are adhesive and 

supposedly aid in copulation. The final region of the sperm 

duct is a muscular ejaculatory duct that empties into the 

cloaca. The male rectum is a multipurpose cloaca that receives 

digestive wastes from the intestine and sperm from the sperm 

duct. Cloaca is Latin for sewer. The wall of the cloaca is evagi- 

nated to form two pouches, which join before they open into 

the cloaca (Fig. 22-18A,B). Each pouch contains a copulatory 

spicule, which usually is short and shaped like a pointed, 

curved blade. Special protractor muscles extend the spicules 

through the cloaca and out the anus. In many nematodes, the 

walls of the pouch bear special cuticular pieces, the gubernacu- 

lum, that guide the spicules through the cloaca. 

Females may have one or, more typically, two gonads, which 

usually are oriented in opposite directions (Fig. 22-19A). The 

ovary (germinal zone) at the upper end of the gonad grades 

into a tubular oviduct and then into a much wider, elongate 

uterus. The two uteri join to form a short common vagina, 

which opens through the female gonopore located on the 

ventral midline near the middle of the body. The female 

reproductive system is independent of the gut and there is no 

cloaca. A raised cuticular vulva surrounds the gonopore. 

A part of the female duct usually functions as a seminal recep- 

tacle for the storage of sperm whereas other regions are secre- 

tory or for storage of fertilized eggs. 

The females of some nematodes are known to produce a 

pheromone that attracts males, and further study will probably 

prove this to be widespread. During copulation, the curved 



766 Chapter 22 Cycloneuraliasp 

Ovary 

A 

FIGURE 22-19 Nematode reproduction, female. A, Lateral view of the reproductive anatomy of a generalized 
female nematode with two ovaries. B, Shelled egg of Trichuris. C, Egg of the mermithid nematode Mermis, whose 
juveniles parasitize grasshoppers. Adults live in soil and, when ripe, the female attaches her eggs to grass blades 
and other vegetation using the proteinaceous byssus. (A and B, Redrawn and modified from Lee, D. L., and Atkinson, 

H.J. 1977. Physiology of Nematodes. Columbia University Press, New York. p. 121, 123; C, Redrawn after Christie, 1937, from 

Hyman, L. H. 1951. The Invertebrates. Vol. 3. Mc-Graw Hill Book Co., New York. p. 253. Reprinted with permission.) 

posterior end of the male is usually coiled around the female 

so that the male anus is in contact with the female gonopore 

(Fig. 22-18D). The male copulatory spicules are extended 

from the anus into the vulva, where they hold the female 

gonopore open during the transmission of the sperm into the 

vagina. Nematode sperm are aflagellate and some move in a 

more or less ameboid manner (Fig. 22-18C). 

After copulation the sperm migrate to the seminal recepta- 

cle, where fertilization takes place. The fertilized egg (zygote) 

secretes a thick fertilization membrane that hardens to form the 

inner part of the shell. Onto this inner shell the uterine epithe- 

lium secretes an outer layer. The outer surface of nematode 

eggs is sculptured in species-specific ways. A medical or veteri- 

nary technician can identify the eggs of parasitic nematodes by 

examination of a stool sample from the host (Fig. 22-19B,C). 

Nematode eggs may be stored in the uterus until deposition 

and, not infrequently, embryonic development begins while the 

eggs are still in the female. Many parasitic nematodes and some 

free-living species, such as the vinegar eel, are viviparous. 

Some terrestrial nematodes, such as Caenorhabditis elegans, are 

hermaphroditic. Sperm develop before the eggs within the 
same gonad (an ovotestis) and are stored until eggs are pro- 

duced. Self-fertilization takes place after the formation of the 

eggs. Although hermaphroditic individuals do not cross-fertilize, 

small numbers of males arise periodically in hermaphroditic 

populations and cross-fertilize the hermaphrodites so there is 

some gene recombination. Parthenogenesis also occurs in some 

nematodes, especially terrestrial species, and there are some 

species for which males are unknown. 

Egg deposition by free-living nematodes still is not well 

studied. Marine species rarely produce more than 50 eggs, 

which are often deposited in clusters. Terrestrial species may 

produce up to several hundred eggs, which are deposited in 

the soil. A single female of the parasitic genus Ascaris may pro- 

duce millions of eggs at a rate of 200,000 per day. 

Early cleavage is neither spiral nor radial, but follows 

a fixed asymmetrical pattern that soon becomes bilateral. 

Development is determinate with early commitment of future 

germ cells and somatic cells. Nematode embryos undergo 

chromosome diminution (Fig. 22-20), in which the blasto- 

meres destined to become somatic cells (designated EMS, A, 

and B) lose the genetic material their descendants will not 

need. Only the cells of the germ line (P2) retain the complete 

genome. 

Nematodes exhibit eutely, in which cell divisions (except in 

the gonad) cease near the end of embryonic development so 

the number of cells of the adult is constant and characteristic 

of the species. The various organs and tissues also contain 

a fixed number of cells, most of which are present by the time 

hatching takes place. For example, in certain Rhabditis adults 

there are 200 nerve cells, 120 epidermal cells, and 172 gut 

cells. In the female Caenorhabditis elegans, there are always 

exactly 959 somatic nuclei. Only the cells of the germ line con- 

tinue to divide after adulthood and have a variable number 

of cells. Although there is a limited increase in the number of 

cells during juvenile stages, most growth in nematodes results 

from increases in cell size, not cell number. 

The life cycle includes the egg, three juvenile instars, and 

the adult. Development is direct and the juveniles have almost 

all of the adult structures when they hatch, except for gametes 

and parts of the reproductive system. Growth through the 

three juvenile and one adult instars is accompanied by four 

molts, the first two of which may occur within the eggshell 

before hatching. The adult is produced by the fourth molt, 

after which molting ceases, although growth may continue. 

PARASITISM 
A large number of parasitic nematodes attack virtually all 

taxa of animals and plants and display all degrees and types 

ol parasitic relationships with their hosts. Some major taxa of 

nematodes contain both free-living and parasitic species. 

Parasitism probably evolved many times within the taxon, 

and episodes of nematode radiation into parasitic niches 
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AB Deleted parts of 
chromosome Deleted genetic material 

(germ line) 
Deleted genetic material 

FIGURE 22-20 Nematoda cleavage. Chromosome diminution in Parascaris aequorum during early 
development. During the first cleavages of some nematodes, the chromosomes in all cells, except the stem cell 
of the germ line (P2), fragment and jettison some pieces, which degenerate. The deleted fragments presumably 
contain genetic information needed only by the germ line and not the somatic cells. Thus, in nematodes such 
as Parascaris, there is genetic differentiation as early as the two-cell stage. Blastomeres A and B proliferate 
primarily ectodermal cells whereas blastomere EMS produces endodermal, mesodermal and stomodeal cells. P2 

produces the gametes. (Adapted from Boveri, T. 1904. Ergebnisse liber die Konstitution der chromatischen Substanz des 
Zellkems. Verlag Gustav Fischer, Jena, Germany, p. 27.) 
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accompanied the evolution of the flowering plants, the 

insects, and the amniotic vertebrates, all of which are subject 

to extensive nematode parasitism. 

Almost every conceivable relationship between host and 

parasite exists. At one extreme are the completely free-living 

nematodes and at the other are nematodes with complex life 

cycles involving multiple hosts. Some nematodes are ectopar- 

asites and some are endoparasites. Some parasitize plants, 

some animals, and some both. Sometimes the juveniles are 

parasitic, sometimes the adults, sometimes all stages of the 

life cycle are parasitic. In some, only the female is parasitic. 

In the most highly adapted parasites, the entire life cycle of 

both sexes is spent in the host as a parasite. There may a sin- 

gle host or, in the most specialized parasites, two hosts, one 

the intermediate host and the other the definitive host. 

Nematodes of medical and veterinary importance are highly 

specialized species in which adults of both sexes parasitize 

a vertebrate host or hosts. 

Medically important parasites with only one host include 

Ascaris, hookworms, pinworms, and trichinella. The ascaroid 
nematodes, which feed on the intestinal contents of humans, 

dogs, cats, pigs, cattle, horses, chickens, and other vertebrates, 

include the largest nematodes. The entire life cycle, except for 

the egg, is spent within a single host. Transmission to a new 

host is achieved by the ingestion of eggs or juveniles passed in 

the feces of the original host. After ingestion, the eggs hatch 

and the juvenile stages usually penetrate the host’s intestinal 

wall to enter the hemal system, where they are carried to the 

lungs. Here they break into the alveoli and migrate back to 

the small intestine by way of the trachea, pharynx, esophagus, 

and stomach. 

The human ascaroid, Ascaris lumbricoides, reaches a length of 

50 cm, although most are smaller, and is one of the best-known 

parasitic nematodes (Fig. 22-21). The species is widely distrib- 

uted throughout the world, including the southeastern United 

States. The eggs can be as ubiquitous as bacteria and occur in 

soil, on paper money, and on other frequendy handled objects. 

Children are especially likely to be infected due to their habit of 

putting things into their mouths. The developing eggs are 

notoriously resistant to adverse environmental conditions and 

may remain viable in soil for 20 years. The worms feed on fluid 

gut contents, not blood, but heavy infections can cause malnutri- 

tion in children and a massive infection can result in intestinal 

blockage and death. Physiological studies suggest that Ascaris 

secretes enzyme inhibitors that protect the worm from the host’s 

digestive enzymes. If this is true, such a mechanism is probably 

utilized by most other gut-inhabiting nematodes. 

A closely related ascarid of pigs, Ascaris suum, probably had 

a common ancestor with the species in humans. The common 

ancestor spread either from pigs to humans or vice versa (the 

direction is unknown) during the long period of about 10,000 

years when humans and pigs lived in close association, often in 

the same hut or shelter, on primitive farms. With improved liv- 

ing conditions (for humans), and a more effective separation 

FIGURE 22-21 Parasitic Nematoda. Adult specimens of Ascaris 
suum within the small intestine of a pig. Ascaris lumbricoides, which 
parasitizes humans, is similar. 
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of human and pig populations, gene flow between the two 

Ascaris populations ceased, and the ancestral Ascaris diverged 

into the two very similar species we know today. 

Toxocara canis and Toxocara cati are two small ascaroids com- 

mon in dogs and cats, respectively. It is for these species that 

puppies and kittens are routinely dewormed. These worms 

may also infect humans, but they become confused during 

their migration in this inappropriate host and can end up in 

any tissue. This medical condition is known as visceral larval 

migrans and its seriousness depends on which tissue is 

invaded. 

The hookworms, Ancylostoma and Necator, also inhabit the 

digestive tract of vertebrates, but unlike the ascarids, most 

hookworms feed on the host’s blood. The buccal cavity usually 

has cutting plates, hooks, teeth, or combinations of these 

structures for attaching to and lacerating the gut wall (Fig. 

22-13D). An infection of more than about 25 worms produces 

symptoms of hookworm disease, and a heavy infection can be 

serious because of blood loss and tissue damage. An adult 

worm may live as long as two years in the intestine. Hookworm 

infection is widespread in humans and it is estimated that over 

380 million people are infected with Necator americanus, the 

most important species throughout the tropics (despite the 

specific name). The hookworm life cycle involves an indirect 

migratory pathway by the juveniles, as in ascarids. The fertil- 

ized eggs leave the host in its feces and hatch outside the 

hosts body on the ground. The juvenile gains entry to a new 

host by penetrating the host’s skin (on the feet in humans) 

and is then carried in the blood to the lungs. From the lungs 

the juvenile migrates up the trachea to the pharynx, where it 

is swallowed and passes to the intestine. In the intestine it 

attaches to the gut wall and feeds on blood. 

Oxyuridan nematodes, known as pinworms, have a simpler 

life cycle. These small nematodes are parasitic in the gut of 

vertebrates and invertebrates. Infection usually occurs with 

ingestion of eggs passed in the feces of a previous host. Follow- 

ing ingestion, the eggs hatch and juveniles develop within the 

gut of the new host. There is no indirect migratory pathway in 

the host. The human pinworm, Enterobius vermicularis, affects 

children throughout the world. The female worm crawls out 

of the host’s anus at night and deposits eggs in the perianal 

region. The movement of the female as she deposits eggs tick- 

les, and scratching by the child contaminates the fingernails 

and hands with eggs. The eggs thus easily spread to the mouth 

of other children or reinfect the same child. 

Trichinelloids are also parasites of the digestive tracts of 
vei tebrates, especially birds and mammals. The whipworms, 

Trichuris, which infect humans, dogs, cats, cattle, and other 

mammals, are relatively small (the human whipworm, Trichuris 

trichura, is about 4 cm) and have a life cycle similar to that of 

pinworms. The most familiar trichinelloid is Trichinella spiralis, 

which infects mammals and is the cause of the disease trichi- 

nosis. The minute worm, which lives in the intestinal wall, is 

viviparous, and its juveniles are carried in the blood to the stri- 

ated (skeletal) muscles. There the juveniles form calcified 

cysts and, if infection is severe, can produce pain and stiffness 

(Fig. 22-22). Transmission to another host occurs only if flesh 

containing encysted juveniles is ingested. Thus, in some ani- 

mals, such as rats, this can be a one-host parasite as rat eats rat; 

^ otheis, such as man and the pig, it would normally require 

FIGURE 22-22 Parasitic Nematoda. Juveniles of Trichinella spiralis 
within calcareous cysts in the skeletal muscle tissue of the host. (After 

Chandler, A. C., and Read, C. P. 1961. Introduction to Parasitology. John Wiley 

and Sons, New York.) 

two hosts. For humans, pigs are typically the intermediate 

host. For this reason pork should always be well cooked. 

The other common life cycle for human nematode parasites 

requires two hosts, an intermediate host and the definitive host, 

which can be a human. This type of life cycle is characteristic of 

many nematode parasites, including the familiar filarioids and 

dracunculoids. 

Filarioids are threadlike worms that inhabit lymph glands 

and some other tissues of the definitive (vertebrate) host, 

especially birds and mammals. The female is viviparous, and 

the juveniles are called microfilariae. Bloodsucking insects 

such as fleas, some flies, and especially mosquitoes are the 

intermediate hosts. A number of species parasitize humans, 

resulting in filariasis. 

The chiefly African and Asian Wuchereria bancrofti has a typ- 

ical two-host life cycle. The intermediate host is a mosquito 

and the definitive host is a human. Adults are long, but very 

slender—about 40 to 90 X 0.1 to 0.2 mm —and live in lymph 

ducts adjacent to the lymph glands of the definitive host. 

Here the female produces eggs, which hatch into microfilar- 

iae that live in the blood. The microfilariae migrate to surface 

blood vessels at night, when mosquitoes are most likely to be 

biting. The mosquito is infected by these microfilariae when 

it takes a blood meal from an infected human. Development 

within the mosquito involves a migration of the microfilariae 

through the gut to the thoracic muscles and eventually to the 

proboscis. The proboscis injects microfilariae into the next 

definitive host when the mosquito feeds. In severe filariasis, 

blockage of the lymph vessels by large numbers of worms 

results in serious short-term lymphatic inflammation marked 

by pain and fever. Over a long period, the increase in the 

mass of connective tissue affected may result in the terrible 

enlargement of the legs, arms, breasts, and scrotum known as 

elephantiasis (Fig. 22-23). Extreme cases are no longer com- 

mon, although they do still occur. 

Dirofilaria immitis, the heartworm, which lives as an adult in 

the heart or pulmonary artery of dogs, wolves, and foxes, is 

also transmitted by mosquitoes and has a life cycle similar to 

that of Wuchereria. Loa loa, the African eye worm, lives in the 



Nematodap 769 

FIGURE 22-23 Parasitic Nematoda. A patient with elephantiasis, 
a severe form of filariasis caused by Wuchereria bancrofti. 

subcutaneous tissues of humans and baboons. The worm 

migrates unnoticed through the connective tissue beneath the 

skin but occasionally passes across the eyeball, where it is visi- 

ble to an observer (Fig. 22-24). 

The dracunculoids are also slender, threadlike worms 

found in connective tissue and body cavities of vertebrate 

definitive hosts. A notable example is the guinea worm, Dra- 

cunculus medinensis, which parasitizes humans and many other 

mammals, especially in Asia and Africa. The definitive host is a 

FIGURE 22-24 Parasitic Nematoda. The eye worm Loa loa crossing 
the cornea. (From Chandler, A. C., and Read, C. R 1961. Introduction to 

Parasitology. John Wiley and Sons, New York.) 

human and the intermediate host is a freshwater copepod 

crustacean. The female is about 1 mm in diameter and up to 

120 cm in length. After a period of development in the body 

cavity and connective tissue of the definitive host, the gravid 

female migrates to the subcutaneous tissue and produces an 

ulcerated lesion in the skin (Fig. 22-25). When the lesion 

comes in contact with water, juveniles are released into the 

water. After a short free-living stage, the juveniles are ingested 

by a copepod and continue their development in its hemo- 

coel. When a new definitive host (a human) swallows infected 

copepods in drinking water, the nematode juveniles are 

released and penetrate the intestinal wall to reach the coelom 

or subcutaneous tissue, where they mature. Today a worm can 

be removed surgically, but the traditional method, still prac- 

ticed, is to slowly and carefully wind it out of the lesion on 

a small stick. Breaking the worm causes severe inflammation 

and a skilled practitioner is required for success. Removal 

of these worms by ancient healers is represented today by 

the caduceus, the symbol of the medical profession. The 

caduceus, however, has been misinterpreted as a staff with 

snakes, instead of a nematode on a stick. Furthermore, 

Dracunculus is thought to be the “fiery serpent” with which the 

biblical Israelites were afflicted on their exodus from Egypt. 

DIVERSITY OF NEMATODA 
Adenophoreac (= Aphasmidia): Polyphyletic. Most are free- 

living; some are parasitic. Free-living species include some 

terrestrial and almost all freshwater and marine nematodes. 

Variously shaped amphids located behind lips. Lack phasmids. 

FIGURE 22-25 Parasitic Nematoda. A guinea worm, Dracunculus 
medinensis, being removed from an ulcerated opening of the arm by 
slowly winding it on a matchstick. 
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Epidermal cells are uninucleate. Excretory glands are 

present. No excretory canals. Some taxa, with some represen- 

tative genera, are Chromadorida0 (Chromadora, Stilbonema, 

Desmodora, Epsilonema), Desmodorida0 (Draconema), Desmo- 

scolecida0 (Desmoscolex, Greejfiella), Dorylaimida0 (Dorylaimus), 

Enoplida0 (Oncholaimus), Meimithida0 (Mermis), Mononchi- 

da° (Mononchus), Monhysterida0 (Monhystera, Gammarinema), 

Trefusiida0 (Onchulus, Kinonchulus, Trefusia), Trichoceph- 
alida() (Trichinella, Trichuris). 

Secernenteac (= Phasmidia); Almost all are terrestrial. Many 

are important parasites. Most free-living species live in soil. 

Amphids are porelike, located on lateral lips. Phasmids are 

present. Epidermal cells are uni- or nmidnucleated. 

Excretory glands and/or excretory canals are present. 

Includes Ascaridida0 (Ascaris, Enterobius, Toxocara, Pcimscaris), 

Camallanida0 (Dracunculus), Diplogasterida0 (Odontopharynx), 

Rhabdidda0 (Ccienorhabditis, Rhabditis, Strongyloides, Turbatrix), 

Spirurida0 (Wuchereria, Spirura, Loa, Dirofilaria), Strongylida0 

(Strongylus, Ancylostoma, Necator, Nippostrongylus), Tylenchida0 

(Tylenchulus, Meloidogyne, Heterodera, Globodera). 

NEMATOMORPHAp  
Superficially resembling Nematoda is Nematomorpha, a small 

taxon of astonishingly long, but very slender cycloneuralians 

known as horsehair worms or hairworms. The adults are free- 

living and short-lived, whereas the parasitic larvae are the 

dominant stage of the life cycle. About 320 of the 325 nemato- 

morph species belong to the taxon Gordioida and live as adults 

in fresh water and damp soil (Fig. 22-26). Adult gordioids live 

in all types of freshwater habitats in temperate and tropical 

regions of the world. Their larvae parasitize terrestrial arthro- 

FIGURE 22-26 Nematomorpha. Three female gordioid 
nematomorphs, or horsehair worms. (From Pennak, R. W. 1978. 

Fresh-Water Invertebrates of the United States. 2nd Edition. John Wiley 

&Sons, New York.) Copyright © 1978 John Wiley & Sons. This material is 
used by permission of John Wiley & Sons, Inc. 

pods, especially insects. Another four species, all in the genus 

Nectonema, constitute the taxon Nectonematoida, which, as 

adults, are pelagic in the coastal zones of most of the world’s 

oceans (Fig. 22-27E). Nectonema larvae parasitize marine crus- 

taceans. 

The nematomorph body (Fig. 22-27A,E) is cylindrical, 

threadlike, slender (1 to 3 mm), and exceedingly long (up to 

1 m), but lengths of 5 to 10 cm are typical. Externally it is 

neai ly featureless and lacks a distinct head. The posterior end 

may be rounded or forked with two caudal lobes (Fig. 22-27A). 

The hairlike nature of these worms is so striking that they 

were once thought to arise spontaneously when a hair from 

a horse s tail fell into water. This belief was reinforced by the 

frequent occurrence of these worms in livestock watering 

tanks. The pelagic Nectonema has dorsal and ventral rows of 

swimming bristles (Fig. 22-27E). 

The nematomorph body wall consists of a cuticle, epidermis, 

and muscle layer. The thick, iridescent, multilayered cuticle 

contains collagen fibers in crossed-helical layers (Fig. 22-27A). 

The cuticle is molted. Its surface typically is sculptured with 

crisscrossed grooves and covered with a coat of detritus, 

diatoms, or bacteria. Chitin is present in the larval, but not the 

adult, cuticle. 

The epidermis is a monolayered, nonciliated, cellular 

epithelium. In gordioids it forms a thickened ventral epider- 

mal cord containing the nerve cord and dividing the muscle 

layer (Fig. 22-27C). In Nectonema there is also a dorsal epider- 

mal cord. The basal lamina is continuous with the collagenous 

matrix surrounding the muscle layer and extending through 

the connective-tissue compartment. Nematomorphs are not 

eutelic. 

The musculature is a sheath of obliquely striated longitudi- 

nal muscle enclosed in a collagenous matrix. Like nematodes, 

nematomoiphs have no circular muscles. The connection 

between muscle cells and their motor neurons is uncertain, 

but it does not appear to be via innervation processes, as it is 

in nematodes and gastrotrichs. The muscles attach to the cuti- 

cle with tonofilaments and hemidesmosomes, as they do in 

nematodes and othei cycloneuralians. Adult nematomorphs, 

especially males, swim with whiplike undulations of the body. 

The cuticle and longitudinal muscles antagonize each other 

by using the mesenchymal hemocoel as a hydrostatic skeleton. 

Unusual muscle cells include peripheral paramyosin fila- 

ments, which, like those in the closing muscles of clams, are 

especially thick and long and may be important in sustained 

muscular contractions. Adults coil tightly around streamside 

vegetation, and each other, for extended periods of time. Dur- 
ing copulation, a male forms and sustains tight coils around 

the female’s posterior end (Fig. 22-27A). If crowded together, 

nematomorphs coil together in masses that resemble the leg- 
endary Gordian knot. 

The intraepidermal nervous system consists of an anterior, 

circumenteric brain and a nonganglionated ventral nerve 
cord. The brain is highly derived and lacks the obvious trian- 

nular structure characteristic of other cycloneuralians. The 

nerve cord, although deeply submerged into the hemocoel, 

remains enclosed by the epidermal basal lamina (Fig. 22-27C). 

Excretory organs are absent, but the vestigial midgut may 

function as a secretion kidney, like an insect Malpighian 

tubule. No specialized gas-exchange surfaces are present. 
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FIGURE 22-27 Nematomorpha anatomy. A, Male and female of the nematomorph Gordius robustus. Posterior 
ends show typical copulatory position. Inset shows crossed-helical fibers in the cuticle. The fiber angle with respect to 
the longitudinal body axis is approximately 55°. B, Generalized anatomy of a gordioid nematomorph. The worm is 
greatly shortened for clarity. C, Cross section of B. D, Nematomorph larva of the gordioid Paragordius. E, The marine 
nectonematoid worm, Nectonema agile, showing its dorsal and ventral swimming setae. (A, Modified from May, H. G. 

1919. Contributions to the life histories o/Gordius robustus Lady and Paragordius varius (Leidy). III. Biol. Monogr. 5:1-118. 

C, Redrawn after Bresciani, J. 1991. Nematomorpha. In Harrison, F. W., and Ruppert, E. E. (Eds.). Microscopic Anatomy of 

Invertebrates. Vol. 4. Aschelminthes. Wiley-Liss, NewYork. pp. 197-218. D, After Miihldorf 1914, and Montgomery, 1904, from 

Hyman, L. H. 1951. The Invertebrates. Vol. 3. McGraxv-Hill Book Co., New York. p. 467. Reprinted with permission.) 

The body cavity is a hemocoel filled to varying degrees with 

mesenchyme and a fibrous, collagenous matrix similar to the 

parenchyma of large flatworms (Fig. 22-27C). In Nectonema it is 

more spacious and a transverse septum divides it into a small 

anterior and large posterior compartment. 

The gut consists of a mouth, buccal cavity, pharynx, 

midgut, and cloaca, but it is reduced and the mouth and anus 

are usually absent. The midgut (intestine) consists of a simple 

microvillous gastrodermis with no muscles. The gut plays no 

direct role in the digestion of food, but it appears to be indi- 

rectly involved in the digestive process as a storage site for 

food molecules absorbed across the cuticle, as in mermithid 

nematodes (which are also invertebrate parasites as juveniles). 

Nematomorphs are gonochoric and the gonads are paired, 

cylindrical sacs extending the length of the body. The unique 

sperm are aflagellate and rod-shaped. In both sexes the gon- 

oducts empty into a cuticular cloaca (Fig. 22-27B) at the pos- 

terior end of the gut. During copulation, the male wraps his 

posterior end tightly around that of the female (Fig. 22-27A) 

and transfers a spermatophore to the female’s cloacal region 

or inserts sperm directly into the cloaca. Either way, the 

sperm migrate to the seminal receptacle, where they are 

stored. Fertilization is internal in the uterus. Females deposit 

an egg string in the water or among plant roots on the shore. 

Cleavage is holoblastic, equal or unequal, apparently indeter- 

minate, and results in a coeloblastula. Gastrulation is by 

invagination and creates the gut. 

The life cycle includes the egg, larva (often encysted), para- 

sitic larva, and free-living adult. The hatching stage is a tiny 

larva (Fig. 22-27D) that resembles an adult cephalorhynchan. 

Its anterior end is a eversible introvert armed with a central, 

spiny proboscis used to penetrate the host. The introvert is 

everted by hydrostatic pressure and withdrawn by retractor 

muscles, but the proboscis is protruded, not everted. 
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Hosts include a wide variety (at least 20 families) of aquatic 

and terrestrial insects, including beetles, crickets, grasshoppers, 

dragonflies, caddis flies, bugs, moths, and cockroaches, as well 
as centipedes, millipedes, amblypygids, scorpions, snails, and 

leeches. In the simplest life cycle, only one host (the definitive 

host) is required. The nematomorph larva either penetrates 

the host’s body wall or is ingested as a free-swimming larva or a 

cyst, penetrates the host’s gut wall, and becomes an active 

larva. In many cases, the larva encysts in a drying pool and the 

desiccation-resistant cyst is later ingested by a terrestrial arthro- 
pod after the water is gone. The larva enters the host’s hemo- 

coel, where it passes through an uncertain number of molts to 

become wormlike and achieve adulthood. Feeding apparently 

is accomplished by direct absorption of food materials from 

the blood through the body wall. After several weeks to several 

months of development in the hemocoel, the worms attain the 

morphology of adults, resulting in a very long worm coiled in a 

much shorter insect. 

Worms inhabiting terrestrial arthropods induce the host to 

migrate to water, at which time they emerge and enter the 

water. It is not known how the worm induces this migratory 

behavior in the host, perhaps hormonally or by desiccating the 

host and inducing thirst. Worms living in aquatic invertebrates 

simply emerge and no migration is necessary. Upon emer- 

gence, free-living adult worms quickly achieve sexual maturity 

and mate, producing new larvae, during the brief, free-living, 

aquatic, adult phase of the life cycle. In most nematomorphs, 

development is more complicated than the simple life cycle 

described above and involves two hosts, one intermediate and 

one definitive. The definitive host is always an invertebrate but 

the intermediate host is sometimes a tadpole or fish. 

There have been rare instances of human infections by 

nematomorphs, but these are probably accidental. Worms have 
been recovered from human digestive and urogenital tracts 

and larval hairworms have infected facial tissue and produced 

orbital tumors. The larvae of Nectonema, the only marine hair- 

worms, parasitize true crabs, hermit crabs, and shrimps. 

DIVERSITY OF NEMATOMORPHA 
Nectonematoidac: Pelagic, marine. One genus, Nectonema, 

with four species. Body is 20 cm long. Have dorsal and ven- 

tral swimming setae, internal dorsal and ventral epidermal 

cords, fluid-filled hemocoel. Larvae and juveniles parasitize 

decapod crustaceans. 

Gordioidac: Includes almost all nematomorphs. Adults are 

freshwater or semiterrestrial in damp soil. Juveniles mostly 

parasitize insects. Hemocoel is mostly filled with connective 

tissue. Only the ventral epidermal cord is present. Chordo- 

des, Gordius, Parachordodes, Paragordius. 

PRIAPULIDAP    
Priapulida consists of only 18 living species of marine worms 

(Fig. 22-28). Priapulids are benthic and live in sand or mud 

bottoms in shallow and deep water. Most of the large-bodied 

species live in cold water, often at high latitudes, including the 

Arctic Ocean and the Southern Ocean surrounding Antarc- 

tica. Some families show a distinctly bipolar distribution, being 

absent from low latitudes. On North American coasts they 

occur northward from Massachusetts and central California. 

Some small priapulids, such as Tubiluchus, are more widely dis- 

tributed, with ranges including the tropics. Priapulids were 

important members of the marine benthos in the middle 

FIGURE 22-28 Priapulida. A, The large (8 cm) cold-water Priapulus caudatus. B, The small (2 to 3 mm) tube- 

dwelling Maccabeus tentaculatus from the Mediterranean. This animal apparently uses its spiny tentacles as a 

spring trap to snare small prey. C, The tiny (less than 2 mm) Tubiluchus corallicola lives in tropical coralline sands. 

(AU redrawn and modified. A, After Theelfrom Hyman, L. H. 1951. The Invertebrates. Vol. 3. McGraw-Hill Book Co New 

)ork. p. 467; B, Combined from Par, F. D. 1972. Priapulida. In Parker, S. P. (Ed.): Synopsis and Classification of Living 

Organisms. McGraw-Hill Book Co., New York. pp. 941-944, and Calloway, C. B. 1982. Priapulida. In Parker • C From a 

drawing by Brian Marcotte.) 
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Cambrian period and, although only 11 fossil species have 

been described, they were among the dominant invertebrates 

of Cambrian seas. The ecological importance of the taxon has 

declined precipitously, but modern species have changed little 

from their Cambrian ancestors. Priapulida is named for Pria- 

pus, the Greek god of male fertility. 

Priapulids are only now beginning to receive the attention 

required to understand their evolution. They probably are 

cycloneuralians, a conclusion based on their collar-shaped, 

triannulate, circumenteric brain and anterior terminal mouth. 

Their closest relatives are kinorhynchs and loriciferans, 

with which they share several apomorphies and constitute 

Cephalorhyncha (Fig. 22-35). 

The cylindrical body ranges in length from 0.5 mm to 

40 cm and is divided into a large trunk with an anterior intro- 

vert and, sometimes, one or two posterior caudal appendages 

(Fig. 22-28A,C). Priapulids have both bilateral and radial 

symmetry. The introvert and body wall are radial, but some 

organ systems, such as the nerve cord and urogenital system, 

are bilateral. 

In the interstitial species Tubiluchus corallicola, the trunk has 

a long, terminal caudal appendage (tail) that is probably used 

to anchor the body in the surrounding sediment (Fig. 

22-28C). In the much larger Priapulus, the posterior end of 

the trunk bears one or two caudal appendages, each consist- 

ing of a hollow stalk from which extend many short, fingerlike 

diverticula (Fig. 22-28A). The cuticle of the appendages is 

thin, and their lumina are continuous with the body cavity of 

the trunk. Gas exchange, osmoregulation, and chemorecep- 

tion have been suggested as functions of these structures, but 

none have been demonstrated. 

The outermost layer of the body wall is the extracellular, 

chitinous cuticle (Fig. 22-29C, 22-30). Consisting of three 

layers, epicuticle, exocuticle, and endocuticle, it is secreted by 

the underlying epidermis. The epicuticle is collagenous, the 

exocuticle is chiefly proteinaceous, and the endocuticle is chiti- 

nous. The cuticle is molted periodically as the animal grows. 

The cuticle exhibits a variety of specializations, the most 

common of which are the many types of scalids (Fig. 22-28C) 

similar to those of kinorhynchs and loriciferans. Scalids are 

chitinous setae, scales, or spines variously adapted for sensory 

reception, locomotion, feeding, and other functions. Sensory 

scalids are hollow, contain monociliated sensory neurons, and 

have an apical pore opening to the environment. Scalids are 

most abundant on the introvert, where they typically occur in 

longitudinal rows. In one species, Maccabeus tentaculatus, the 
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FIGURE 22-30 Priapulida. Cross section of a portion of the body 

wall of Priapulus caudatus. cu, cuticle; ep( epidermis; cm, circular 

muscle; he, hemerythrocyte, im, longitudinal muscle; pc, hemocoel. 

mouth is surrounded by a crown of setose tentacles and spines 

in addition to the customary scalids (Fig. 22-28B). The trunk 

also bears cuticular projections of many types. Setaelike hooks 

on the posterior end of the body of M. tentaculatus and Meio- 

priapulus fijiensis help grip the sediment as the animals burrow 
tail first (Fig. 22-28B). 

The monolayered, nonciliated epidermis rests on a basal 

lamina. Inside the lamina are two well-developed layers of 

obliquely striated muscles consisting of an outer circular 

muscle and an inner longitudinal muscle. The longitudinal 

muscles border the body cavity (Fig. 22-30). 

In the anterior end of the body, special longitudinal mus- 

cles form two sets of introvert retractor muscles arranged in a 

characteristic pattern. These muscles extend from the body 

wall to insert on the circumenteric brain at the base of the 

mouth cone (Fig 22-29A). The short outer retractor muscles 

originate at the base of the introvert whereas the longer inner 

muscles originate on the trunk wall. 

The large priapulid body cavity is a hemocoel (Fig. 22-30). 

There are additional minor spaces in priapulids, such as the 

pharyngeal coelomic chambers of Meiopriapulus fijiensis (Fig. 

22-29B). The lumen of the gonad may also be a coelomic 

space. 

The hemocoel contains phagocytic amebocytes and hemery- 

throcytes, the latter containing the respiratory pigment hemery- 

thrin. The blood is circulated solely by the activity of the body 

wall muscles. The hemerythrocytes give the blood a pinkish 

color. 

The hemocoel is a hydrostatic skeleton with a role in both 

introvert extension and burrowing through soft sediments. 

Contraction of circular muscles pressurizes the blood, causes 

the introvert and pharynx to extend, and stretches the retrac- 

tor muscles. Contraction of the retractor muscles withdraws the 

introvert into the anterior end of the trunk and stretches the 

circular muscles. The larger priapulids burrow through sedi- 

ments using the trunk as a penetration anchor and the 

introvert as a terminal anchor (Fig. 22-31). 

Large priapulids, such as Priapulus and Halicryptus, are 

thought to be carnivores, whereas some small species, such as 

Tubiluchus and Meiopriapulus, probably are deposit-feeding * 

bacteriovores. A few, such as Maccabeus, may be suspension- 

feeding carnivores. The carnivores feed on soft-bodied, slow- 

moving invertebrates, particularly polychaete worms, and 

FIGURE 22-31 Priapulida locomotion. Priapulids, such as Priapulus caudatus (shown), burrow primarily by 

using eversion/retraction movements of the introvert. In A and B, the introvert pushes downward into the 

sediment as the expanded body forms a penetration anchor. The introvert then swells to form a terminal anchor 
(C) as the trunk is drawn forward (D). The trunk continues to advance downward as the introvert is retracted 

(E) in preparation for the next burrowing cycle. (Modified and redrawn from Elder, H. Y., and Hunter, R. D., 1980. 

Burrowing of Priapulus caudatus (Vermes) and the significance of the direct peristaltic wave.J. Zool. Lond. 191:333-351.) 
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sometimes each other. During feeding the pharynx can be 

everted through the mouth (Fig. 22-28C) and heavy pharyn- 

geal teeth may be used to seize prey. 

The gut is divided into foregut (mouth, pharynx, esopha- 

gus, and polythyridium), midgut (intestine), and hindgut 

(rectum). The foregut and hindgut are ectodermal and have 

cuticular linings. The midgut is endodermal. In cross sec- 

tion, the gut is composed of a gastrodermis, circular muscles, 

longitudinal muscles, and external lamina, which lines the 

hemocoel. The epidermal lining of the foregut and hindgut 

secretes a cuticle, which in the pharynx usually includes 

teeth of various designs. Pharyngeal teeth are acellular and 

should not be confused with scalids. 

The terminal mouth is located at the anterior end of the 

resting (everted) introvert (Fig.-*22-28A) and opens into the 

muscular, cuticularized pharynx. The pharynx lumen is often 

lined with strong cuticular teeth. During feeding, the pharynx 

can be everted (turned inside out) through the mouth, form- 

ing the mouth cone (Fig. 22-29A, 22-28C). This places the 

pharyngeal teeth on the outside, where they can scrape 

against the substratum or otherwise capture food. Retraction 

af the pharynx brings the teeth, along with any captured 

bacteria or small metazoans, back into the pharynx lumen. In 

some priapulids a second muscular and cuticularized region 

af the foregut, the polythyridium, may be a gizzard. 

The straight, tubular midgut (intestine) lacks cuticle or 

cilia but is lined with a brush border of microvilli for absorb- 

ing food molecules. Both extracellular and intracellular diges- 

tion occur in the midgut. The midgut joins a short terminal 

rectum (hindgut) that, like the pharynx, is ectodermal and 

lined with cuticle. The anus is located at the posterior end of 

the trunk (Fig. 22-29A). 

The nervous system is intraepidermal and consists of a tri- 

annular circumenteric brain around the mouth at the anteri- 

armost end of the introvert (Fig. 22-29A). A single midventral, 

nonganglionated nerve cord extends posteriorly from the ring 

and ends in a caudal ganglion. Nerves extend from the brain 

to the body wall and gut. A variety of cuticular sensory struc- 

tures, including flosculi (sensory pits), tubuli, and scalids, all 

vith monociliated sensory receptors, occur on the trunk and 

ntrovert (Fig. 22-28C, 22-32C). 

The urogenital system includes of a pair of urogenital ducts 

>hared by the excretory and reproductive systems. Each duct is 

suspended by a mesentery and lies beside the intestine in the 

aosterior trunk hemocoel (Fig. 22-29A). The urogenital duct 

s formed by the union of the protonephridial tubule and the 

^onoduct. Each protonephridium consists of many monocili- 

ited terminal cells (solenocytes) separated from the hemocoel 

ay a basal lamina. Each urogenital duct opens to the exterior 

it a pore on the posterior end of the trunk. 

Priapulids are gonochoric and fertilization is external in 

arge species, but internal fertilization probably occurs in most 

small meiofaunal species. Some are sexually dimorphic. Devel- 

opment is poorly known, but the small egg is yolky and 

zleavage is holoblastic, equal, and radial (Fig. 22-32A,B). Gas- 

rulation occurs by polar ingression, and the hatching stage is a 

lonciliated stereogastrula. Priapulid larvae (Fig. 22-32C,D) are 

oenthic and most are dorsoventrally flattened. Morphologically 

he larvae are more uniform than the adults and consist of an 

FIGURE 22-32 Priapulida. The few observations of priapulid early 
development (A and B) indicate that cleavage is radial, holoblastic, and 
nearly equal. The larva (C and D) is dorsoventrally flattened and has a 
thick trunk cuticle, the lorica, into which the introvert can be retracted. 
(A and B, Redrawn after Ginkinefrom Grasse.) 

introvert and trunk. The trunk is enclosed in a thick cuticular 

lorica into which the introvert can be retracted. The lorica dis- 

appears at metamorphosis. Direct development is reported in 

some species. 

DIVERSITY OF PRIAPULIDA 
Priapulomorpha0: Macrobenthic or meiobenthic. With cau- 

dal appendages. External or internal fertilization. 

PriapulidaeF: Large, macrobenthic. One or two caudal 

appendages. No polythyridium. No sexual dimorphism. Fer- 

tilization is external. Sperm are primitive. Acanthopriapulus, 

Priapulopsis, Priapulus. 

TubiluchidaeF: Small, meiobenthic, interstitial. One elongate 

caudal appendage. Trunk has tubuli. Distinct neck connects 

trunk and introvert. Has one set of retractor muscles. 

Pharyngeal teeth are pectinate. Foregut has a polythyridium. 

Fertilization is internal, sexes are dimorphic. Tubiluchus. 

Halicryptomorpha0: Large, macrobenthic carnivores. Lack 

caudal appendages. Fertilization is external. Larvae are 

meiobenthic. 

HalicryptidaeF: Halicryptus higginsi, at 39 cm long, is the 

largest priapulid. 

Meiopriapulomorpha0: Meiobenthic detritivores, < 2 mm. 

Pharynx lacks teeth, is noneversible. Polythyridium is present. 

Viviparous, with direct development. 
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MeiopriapulidaeF: Meiopriapulus. 

Seticoronaria0: Small, suspension-feeding, < 3 mm. Ante- 

rior scalids form a crown of tentacles around the mouth. 

Pharynx has pectinate teeth and several sets of retractor 

muscles. Preanal trunk has a circle of hooks. A caudal 

appendage is absent. 

ChaetostephanidaeF: Maccabeus. 

LORICIFERAp  
Loricifera is a small taxon of minuscule (< 0.5 mm) intersti- 

tial, marine animals related to priapulids and kinorhynchs and 

sharing many apomorphies with them. They are about the size 

of large ciliate protozoans but are multicellular, being 

composed of up to 10,000 tiny cells. Loriciferans adhere 

tenaciously to the substratum and consequently eluded discov- 

ery until 1983, when the first species, Nanaloricus mysticus, was 

described by the Danish zoologist R. M. Kristensen. Since then 

almost 100 additional species have been discovered, although 

most have not yet been described. They are widely distributed 

on a variety of sediment types over a wide range of depths and 

from the polar regions to the tropics. 

Because loriciferans are tiny metazoans living in low 

population densities in large volumes of sand or other 

substrata, they are difficult to find and collect. They adhere so 

tightly to the substratum that they can be removed only by 

brief immersion in fresh water. The osmotic shock kills the 

animals and causes them to release their grip on the substra- 

tum. They can then be separated from the water by filtering. 

Unfortunately, because of this technique, loriciferans are 

always dead when studied and almost nothing is known of 

their behavior, locomotion, feeding, physiology, or develop- 

ment. Only one specimen, a larva, has been observed alive. 

The body is divided into an anterior introvert and large 

posterior trunk separated by a thorax (Fig. 22-33A). There is 

a protrusible, but not eversible, mouth cone at the anterior 

end of the introvert. The introvert bears up to 300 large, elab- 

orate scalids assumed to have sensory and locomotory func- 

tions. Some scalids are equipped with intrinsic muscles. The 

introvert can be retracted into the anterior end of the lorica. 

About 30 small retractor muscles in two sets are responsible 

for retracting the introvert. It is extended by hydrostatic 

pressure. 

The body wall consists of an epidermis, which secretes 

a chitinous cuticle, and individual muscle cells. The cuticle is 

best developed in the plates of the lorica, where it consists of 

a sclerotized epicuticle, intracuticle, and procuticle. The 

cuticle joining the plates is flexible and unsclerotized. The 

trunk is enclosed in a cuticular lorica similar to that of 

kinorhynchs. It is superficially similar to the rotifer lorica but 

is extracellular, whereas that of rotifers is intracellular. The 

name Loricifera means “lorica bearer.” The lorica is composed 

of either 6 (Fig. 22-33A) or 22 long, side-by-side cuticular 

plates that may be heavily or lightly sclerotized. The epidermis 

is a monolayered epithelium separated from the underlying 

connective-tissue compartment by a basal lamina. The body- 

wall muscles are under the basal lamina and include longitudi- 

nal fibers in combination with diagonal, dorsoventral, or 

circular fibers. The muscles occur as individual fibers rather 

than continuous layers. Body-wall and pharyngeal muscles are 

cross-striated, whereas some others, such as the retractors, 

are obliquely striated. 

The gut includes an anterior cuticularized foregut, a mid- 

dle noncuticularized midgut, and a posterior cuticularized 

hindgut. The terminal mouth is at the anterior end of the 

mouth cone on the introvert (Fig. 22-33C). It opens into 

a buccal tube that leads posteriorly into a bulbous pharynx 

composed of epitheliomuscular cells. The pharyngeal lumen 

is triradiate in cross section (Fig. 22-33C inset). A large 

midgut, with a microvillous and presumably absorptive gastro- 

dermis, forms most of the gut tube. A short, cuticularized 

esophagus connects the pharynx with the midgut. The 

hindgut (rectum) opens to the outside through the anus near 

the posterior end of the body. The muscular, sucking pharynx 

and the morphology of the mouth cone suggest that loricifer- 

ans may be carnivores that suck fluids from their prey, but no 

observations support this supposition. 

The nervous system is intraepidermal but submerged into 

the connective-tissue compartment. A very large triannular 

brain fills much of the space in the introvert (Fig. 22-33C). The 

ganglionated forebrain innervates the scalids and introvert. The 

midbrain is a fibrous neuropil without ganglia. The hindbrain is 

a ring of 10 ganglia from which extend 10 longitudinal nerve 

cords. The two cords of the midventral pair are larger and form 

a double, ganglionated ventral nerve cord. 

Loriciferans are gonochoric and some exhibit sexual dimor- 

phism in scalid morphology and arrangement. The gonads 

and excretory organs are combined in a urogenital system, as 

in the priapulids. The gonads are paired sacs containing not 

only the germinal epithelium but the protonephridia as well 

(Fig. 22-33C). The terminal cells of the protonephridia are 

monociliated solenocytes. Gametes and urine are released into 

a common urogenital duct, which opens with or beside the 

anus. Seminal receptacles that have been found in one species 

imply internal fertilization. 

Embryonic development is unknown, but it is followed by 

a larval stage called a Higgins larva that is similar to the adult 

(Fig. 22-33B). The posterior end of the larval trunk carries 

a pair of toes. In some species (nanaloricids) the toes are wide 

paddles equipped with muscles and probably used for swim- 

ming. In others (pliciloricids), large adhesive glands open at 

the tips of the slender toes, which are thought to be used for 

adhesion to the substratum. 

DIVERSITY OF LORICIFERA 
PIiciloricidaeF: Lorica is lightly sclerotized, with 22 or more 

plates and no anterior marginal spines. Foregut is simple. 

No sexual dimorphism. Anus and gonopore usually are 

ventroterminal. Toes are adhesive. Pliciloricus, Rugiloricus. 

NanaloricidaeF: Lorica is heavily sclerotized, with 6 plates 

and 15 hollow anterior marginal spines. Foregut is complex. 

Sexes are dimorphic. Anus and gonopore are dorsoterminal. 

Toes are paddles. Nanaloricus. 
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FIGURE 22-33 Loricifera: 
anatomy of Loricifera exemplified by 
the nanaloricid Nanaloricus mysticus. 
A, Dorsal view of an adult male. 
B, Dorsal view of the Higgins larva. 
C, Internal anatomy of the adult in 
dorsal view (inset shows cross section 
of epitheliomuscular pharynx). 
(A and B, From Kristensen, R. M. 

1983. Loricifera, a new phylum with 

Aschelminthes characters from the 

meiobenthos. Z. Zool. Syst. Evolut.-forsch. 

21:163-180; C, Modified and redrawn 

from Kristensen, R. M. 1991. Loricifera 

In Harrison, F. W., and Ruppert, E. E. 

(Eds.): Microscopic Anatomy of 

Invertebrates. Wiley-Liss, New York, 

pp. 334, 335.) 
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KINORHYNCHAp  
Kinorhyncha (mud dragons) consists of about 150 described 

species of small marine metazoans that burrow in the surface 

layer of mud or live in the interstitial spaces of sand. They 

have been found from the intertidal zone to depths of several 

thousand meters and usually are less than 1 mm in length. 

The short body is flattened ventrally, like that of gastrotrichs, 

but kinorhynchs lack locomotory cilia and, except for the 

absence of paired appendages, superficially resemble intersti- 

tial harpacticoid copepods, with which they are sometimes 

confused. 

The segmentation of the cuticle, body-wall musculature, 

epidermal glands, and nervous system is a distinguishing 

feature. The body is divided into 13 segments, of which the 

first is the introvert (head) and the second is the neck 

(Fig. 22-34A). The remaining 11 segments make up the trunk, 

which often is triangular in cross section (Fig. 22-34B). 

The mouth is anterior and terminal, as in other cycloneu- 

ralians, and is situated at the end of a protrusible mouth cone 

(Fig. 22-34A). The mouth cone can be retracted and protruded 

(Fig. 22-34C) but, unlike that of priapulids, cannot be everted 

(turned inside out). The mouth is surrounded by a circle of 

nine cuticular oral styles (Fig. 22-34A). The introvert itself bears 

up to 90 protruding spinelike cuticular scalids arranged in seven 

concentric rings around the introvert. The entire introvert can 

be withdrawn into the neck or first trunk segment, hence the 

name Kinorhyncha, meaning “movable snout.” A set of cuticular 

plates, or placids (pronounced PLAK-ids), on the second or 

third segment close over the retracted introvert. 

A thin, monolayered cellular epidermis underlies and 

secretes the cuticle. The epidermis contains segmental mucous 

glands, which open through pores in the cuticle and secrete 

a mucous layer over the surface of the cuticle. The chitinous 

cuticle is usually thick and sclerotized and is molted. The 

cuticle of each segment is divided into two or three sclerotized 

plates consisting of a dorsal tergite and one or two ventral 

sternites (Fig. 22-34B). The cuticle includes a thin outer 

epicuticle, a middle sclerotized intracuticle, and a fibrillar 

procuticle. Adhesive tubules may be present, often on segment 

4, but are sometimes restricted to males. 

The body musculature is located beneath the epidermal 

basal lamina. It consists of segmental bundles of longitudinal, 

diagonal, and dorsoventral muscles, all of which are cross- 

striated, like those of arthropods. Circular muscles are absent in 

most of the body wall but are present in the mouth cone. Body- 

wall muscles attach to the inner surface of the cuticular plates by 

an attachment complex like that of other cycloneuralians. Tono- 

filaments from the muscle cells cross the intervening epidermal 

cells and attach to the cuticle by hemidesmosomes. The anterior 

margins of the cuticular plates bear apodemes similar to those 

of arthropods for the attachment of longitudinal muscles. 

A reduced fluid-filled hemocoel is located between the 

body wall and gut tube (Fig. 22-34B). It contains amoebocytes 

of unknown function, which may occupy most of its volume. 

The two sets of introvert retractor muscles are similar to those 

of priapulids in function and location (Fig. 22-29A). They 

originate on the cuticular plates of the trunk segments and 

insert on the brain. Contraction of these muscles retracts the 

introvert. Extension is accomplished by the contraction of 

body-wall muscles with the hemocoel acting as a hydrostatic 

skeleton. 

A kinorhynch burrows by alternately everting and retracting 

its spiny introvert. The body moves forward during eversion of 

the introvert and remains stationary during retraction. As the 

introvert everts, the scalids unfurl and sweep rearward to pull 

the animal forward (Fig. 22-34C). When the introvert is fully 

everted, the mouth cone, bearing a terminal mouth sur- 

rounded by the oral styles, protrudes into the sediment. 

The intraepidermal nervous system consists of a triannular 

brain and a ventral nerve cord. The brain is a wide, collarlike 

band around the anterior of the pharynx similar to that of the 

other cycloneuralians. The forebrain innervates the mouth 

cone and introvert scalids. Eight longitudinal nerves exit the 

hindbrain to innervate the neck and trunk. The double 

ventral nerve cord extends posteriorly from the brain 

(Fig. 22-34A,B) and bears paired segmental ganglia connected 

by commissures. The sense organs include a variety of cuticu- 

lar structures, including the scalids and flosculi, which contain 

monociliated receptor cells. A few species have anterior ocelli 

of unusual structure, and all appear to be sensitive to light. 

Kinorhynchs feed on diatoms, fine organic detritus, or 

both. The gut consists of a foregut, midgut, and hindgut. 

The foregut is lined with cuticle and consists of a buccal cavity 

that probably has a filtering function, a sucking pharynx with 

walls composed of mesodermal radial and circular muscles, 

and a short esophagus that joins the midgut. The midgut is 

lined with a presumably absorptive, microvillous gastrodermis 

and enclosed by circular and longitudinal muscles. The 

midgut opens into a short, cuticle-lined hindgut that itself 

opens to the exterior via the terminal anus on segment 13. 

The physiology of digestion has not been studied. 

Two protonephridia, each consisting of three biflagellated 

terminal cells, lie in the hemocoel and open by ducts to 

nephridiopores on the lateral surface of the 11th segment. 

The reproductive and excretory systems are independent of 

each other, unlike those of priapulids and loriciferans. 

Kinorhynchs are gonochoric and have paired sac-shaped 

gonads (Fig. 22-34A,B). Each gonad is connected to the exte- 

rior by a gonoduct and a gonopore between segments 12 and 

13. Seminal receptacles are present in the female gonoducts 

and fertilization is assumed to be internal. Copulation has never 

been observed, but species in two genera have been found to 

extrude spermatophores, which are transferred to the female by 

the penal spines. Very little is known of development in 

kinorhynchs, but it is direct and the young hatch with 11 seg- 

ments and look very much like adults. The juveniles undergo 

periodic molts to attain adulthood, after which molting ceases. 

Kinorhynchs have many features in common with arthro- 

pods, but until recendy these have been dismissed as conver- 

gences. Studies of nucleotide sequences, however, suggest a 

sister-group relationship in Ecdysozoa between arthropods and 

cycloneuralians. Arthropods and kinorhynchs are segmented 

and have a chitinous exoskeleton with ecdysis. The body cavity 

is a hemocoel. The body-wall muscles are cross-striated in both 

taxa. The longitudinal muscles originate and insert on the 

inner surfaces of the cuticular plates in arthropods and 

kinorhynchs, although there are differences in the attachment 

mechanism. Both have apodemes to improve the mechanical 

advantage of the muscle attachments. Both have an anterior 
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FIGURE 22-34 Kinorhyncha. A, Anatomy of a generalized kinorhynch in ventral view. The numbers in parentheses 
are segment numbers. B, Cross section of the trunk of a female kinorhynch. C, Introvert eversion and locomotion. A 
kinorhynch moves forward through sediment as the introvert is everted and the scalids stroke rearward. The body 
does not move when the introvert retracts. Note that the mouth cone, although protruded and retracted by this 
process, is not inverted. (A and B, Modified and redrawn from Kristensen, R. M., and Higgins, R. P. 1991. Kinorhyncha. In 

Harrison, F. W., and Ruppert, E. E. (Eds.): Microscopic Anatomy of Invertebrates. Wiley-Liss, New York. pp. 378, 379.) 

circumenteric brain and a paired ventral nerve cord with paired 

segmental ganglia connected by commissures. 

DIVERSITY OF KINORHYNCHA 

Cyclorhagidac: The most widely distributed and diverse 

kinorhynch taxon. Most have 14 to 16 placids in the neck 

region. Trunk is spiny and circular to triangular in cross 

section. Common in marine muds and subtidal sands. 

Ccimpyloderes, Catena, Centroderes, Condyloderes, Echinoderes, 

Semnoderes, Sphenoderes. 

Homa!orhagidac: Relatively large (up to 1 mm). Have six 

to eight placids in the neck region. Trunk has few spines. 

Distinctly triangular in cross section. Common in marine 

muds. Kinorhynchus, Neocentrophyes, Paracentrophyes, Pycno- 

phyes. 

PHYLOGENY OF CYCLONEURALIA 
Cycloneuralia is provisionally considered to be a monophyletic 

taxon (Fig. 22-35) and is treated here as being independent of 

the panarthropods, although the evolutionary relationships 

among its component taxa and its relationship with Panarthro- 

poda in Ecdysozoa remain unresolved. 
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FIGURE 22-35 A phylogeny of Cycloneuralia based on morphological characters. 1, Cydoneuralia: With anterior 
terminal mouth; a triradiate, sucking pharynx; and a triannular brain with longitudinal cords. 2, Gastrotricha: 
Multilayered cuticle, an epitheliomuscular pharynx; are hermaphroditic. 3, introverta: With introvert and ecdysis, 
motile cilia are lost. 4, Nematoida: Cuticle is reinforced with collagen and lacks microvilli; has longitudinal 
epidermal cords; circular muscles are lost. 5, Nematoda: Three circumoral rings with six, six, and four sensilla in 
successive rings; most have a pair of amphids; an epitheliomuscular pharynx is present. 6, Nematomorpha: Adults 
have a vestigial gut. 7, Cephalorhyncha: Cuticle is reinforced with chitin; have two rings of pharynx retractor 
muscles that penetrate the brain; chitinous scalids on the introvert; sensory flosculi. 8, Priapulida: Spacious 
hemocoel. 9, N.N.: Noninversible mouth cone with cuticular ridges and spines. 10, Kinorhyncha: Body segmented. 
11, Loricifera: Scalids with muscles, an epitheliomuscular pharynx. (Modified from Nielsen, C. 2001. Animal Evolution. 

Interrelationships of the Living Phyla. 2nd ed. Oxford University Press, Oxford. 563 pp.) 

Zoologists agree that Kinorhyncha, Loricifera, and Priapulida 

form a natural taxon, Cephalorhyncha, that is well supported by 

morphological and molecular evidence. A sister-taxon relation- 

ship of Nematoda and Nematomorpha and the inclusion of 

Gastrotricha in Cycloneuralia, however, are questioned by many 

zoologists. Unlike all other cycloneuralians, gastrotrichs have 

locomotory cilia, lack ecdysis, are hermaphroditic, and lack an 

introvert, all of which suggest that they may not be part of this 

assemblage. The remaining five taxa make up Introverta, which, 

in the cycloneuralian hypothesis, is the sister taxon of Gas- 

trotricha and characterized by the absence of locomotory cilia 

and the presence of ecdysis. 

If Ecdysozoa is accepted as a taxon consisting of Pan- 

arthropoda and Cycloneuralia as sister taxa, then the 

inclusion of Gastrotricha in Cycloneuralia becomes less 

likely and would require that gastrotrichs lost ecdysis and 

redeveloped cilia as locomotory devices. Zoologists that 

accept Ecdysozoa usually exclude Gastrotricha from Cyclo- 

neuralia and believe the gastrotrichs arose early from the 

ecdysozoan stem before the development of ecdysis and the 

reduction and loss of cilia. 

An anterior retractable region, or introvert, is the defining 

apomorphy of Introverta. Such a structure is present in at least 

some members of each major Introverta taxon, although only 

one genus of nematode has it. The cycloneuralian hypothesis 

maintains that an introvert was present in the first nematodes 

but has been in lost in almost all their descendants, a proposi- 

tion some zoologists find unlikely. 

Two monophyletic taxa evolved from the ancestral introver- 

tans. Nematoida (nematodes and nematomorphs) have a col- 

lagenous cuticle without microvilli, longitudinal epidermal 

cords, a body wall without circular muscles, and an elongate 

vermiform shape. Their sister taxon, Cephalorhyncha 

(priapulids, kinorhynchs, and loriciferans), has a chitinous 

cuticle, no epidermal cords, and both circular and longitudinal 

body-wall muscles. Whereas the monophyly of Cephalorhyncha 

is generally accepted, that of Nematoida is on shakier ground 

and is not supported by some molecular and morphological 

evidence. Nematomorphs differ from nematodes in their 

unusual muscle structure (paramyosin), degeneration of the 

gut, the derived nature of the brain, and their unique sperm, 

which is unlike that of any other animal. Nematodes have an 

epitheliomuscular pharynx and a characteristic radially sym- 

metric array of sensilla surrounding the mouth, both of which 

are absent in nematomorphs. Almost all nematodes lack the 

introvert and instead have specialized in using a sucking 

pharynx for feeding. Nematomorphs have retained the 

ancestral mesodermal pharynx and the larva has an introvert. 

The three cephalorhynchan taxa are united by numerous 

synapomorphies, including a chitinous cuticle and rings of 

sensory and locomotory chitinous setae (scalids) on the introvert. 

They have unique sensory flosculi consisting of microvillous 
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monociliated cells. Two sets of introvert retractor muscles extend 

from the body wall to the oral epidermis and insert through the 

mediation of ectodermal tanycytes that pass through the brain. 

Some zoologists include Nematomorpha in Cephalorhyncha. 

Relationships within Cephalorhyncha, however, are less 

certain. Sometimes Kinorhyncha and Loricifera are consid- 

ered toT^e sister taxa on the basis of their common possession 

of a retractable but noninversible mouth cone. The alternative 

case for a sister-taxon relationship between kinorhynchs and 

priapulids is based on their common possession of mesoder- 

mal rather than epitheliomuscular pharynges. The former 

position is adopted here. 

Aschelminthes was for decades a large taxon (phylum or 

superphylum) into which it was convenient to relegate pro- 

tostome taxa with uncertain relationships. Membership in 

Aschelminthes has varied over the years, but at one time or 

another it has included rotifers, nematodes, nematomorphs, 

priapulids, acanthocephalans, tardigrades, kinorhynchs, lori- 

ciferans, and even gnathostomulids. At present it is believed 

to be polyphyletic and its taxa have been distributed else- 

where. Tardigrada has gone to Panarthropoda; Gnatho- 

stomulida, Rotifera, and Acanthocephala form the new taxon 

Gnathifera; and Gastrotricha, Nematoda, Nematomorpha, 

Priapulida, Kinorhyncha, and Loricifera constitute Cycloneu- 

ralia. Nevertheless, the persistent problem of Aschelminthes 

still has not been solved to everyone’s satisfaction. 
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nathostomulida, Rotifera, Seisonida, Acanthocephala, 

and the newly discovered Micrognathozoa are thought to 

have evolved from ancestors with a complex pharynx featur- 

ing a unique cuticular jaw apparatus. These taxa have 

heretofore been classified with other groups, such as platy- 

helminths, annelids, and aschelminths, but are now believed 

to form a monophyletic taxon, which has been named 

Gnathifera. In these taxa the pharynx, when present, con- 

sists of a ventral muscular pharyngeal bulb on the floor of 

the pharyngeal lumen. The jaws, constructed of cuticular 

rods with electron-dense cores and electron-lucent sheaths, 

are secreted by the pharyngeal epithelium. 

Most gnathiferans are less than 1 mm in length and exhibit 

the features you would predict for small animals. Internal trans- 

port is usually by diffusion and there is no heart. Locomotion is 

ciliary and specialized gills are absent. Fertilization is internal 

and development is direct. Cross-striated muscles rapidly oper- 

ate the jaw apparatus. 

GNATHOSTOMULIDAp  

Gnathostomulida is a small taxon of minute worms that live in 

the interstitial spaces of fine marine sands, especially those with 

little or no oxygen and a high concentration of hydrogen sul- 

fide. Gnathostomulida was discovered in 1956, and since then 

more than 80 species in 18 genera have been found worldwide, 

especially along the east coast of North America. 

Gnathostomulans can reach almost 4 mm, but most are 

between 0.5 and 1.0 mm in length and 50 |xm in diameter. All 

are elongate and some are threadlike (Fig. 23-1A). The cylindri- 

cal body consists of a head separated from the trunk by a slightly 

constricted neck. In some the head is extended anteriorly as a 

mobile, sensory rostrum. The trunk tapers posteriorly into a tail. 

The epidermis lacks a cuticle and its cells are monociliated, 

although other gnathiferans have multiciliated epithelia. A thin 

basal lamina underlies the epidermis, and some epidermal cells 

secrete mucus. Synchronous beating of epidermal cilia accom- 

plishes a ciliary gliding locomotion. The body-wall musculature 

of cross-striated myocytes lies below the epidermal basal lamina 

(Fig. 23-2A). It consists of a sheath of weak outer circular fibers 

and usually three pairs of longitudinal muscles and is used not 

for locomotion, but to shorten the body and make turning 

movements. Gnathostomulans have no connective tissue and as 

a result, muscles, protonephridia, and reproductive organs are 

simply sandwiched between the epithelia of the epidermis and 

gut (23-2A). The organization of the connective-tissue compart- 

ment is compact (acoelomate) and there is no fluid-filled body 

cavity. 
Gnathostomulans have a blind gut composed of a single 

layer of microvillous, nonciliated epithelial cells. It consists 

of a mouth, buccal cavity, pharynx, esophagus, and intestine. 

The mouth is a midventral, subterminal pore near the anterior 

end (Fig. 23-3). The laterally compressed pharynx includes a 

complex ventral, muscular pharynx bulb. The bulb includes 

striated muscles, a secretory epithelium, a jaw apparatus con- 

sisting of hard cuticular trophi (sclerites), and a ganglion. The 

trophi consist of a comblike basal plate on the ventral lip poste- 

Sensoria 

Haplognathia simplex Gnathostomula jenneri 

FIGURE 23-1 Gnathostomulida. A, The filospermoidan Haplognathia 
simplex. B, The bursovaginoidan Gnathostomula jenneri. (From Sterrer, W. 

1912. Systematics and evolution within the Gnathostomulida. Syst. Zool. 

21:151-173.) 

rior to the mouth and a complex set of toothed jaws embedded 

in the lateral pharyngeal walls (Fig. 23-2B,C). The basal plate 

can be protruded through the mouth, and the tips of the jaws 

extend into the buccal cavity (Fig. 23-3). The jaws, which are 

secreted by pharyngeal epithelial cells, are made of a core of 

electron-dense material surrounded by a sheath of an electron- 

lucent material. This tubular arrangement is similar to the 

trophi of rotifers, seisonidans, and micrognathozoans. Some of 

the pharyngeal muscles may be epitheliomuscular cells, but 

most are myocytes. Epitheliomuscular cells and myocytes are 

on opposite sides of the epidermal basal lamina. One species, 

Agnathiella becken, has no jaws. 

The remainder of the gut consists of an anterior esophagus 

and a large posterior intestine. There is no anus, but in some 

species a specialized structure consisting of interdigitating 

epidermal and gastrodermal cells with no intervening basal 

laminae is located at the posterior end of the intestine. 

The function of this area is not known, but it may be a tempo- 

rary, periodically functional anus or a vestigial, no longer func- 

tional anus. The food appears to be bacteria and fungi that are 

scraped from the substratum by the basal plate and passed into 

the gut with snapping movements of the jaws (Fig. 23-2C). 



786 Chapter 23 Gnathiferasp 

FIGURE 23-2 Gnathostomulida. A, Simplified cross section of a 
gnathostomulan trunk. B, Jaws and basal plate of Gnathostomula 
mediterrane, in dorsal view. C, Jaws and basal plate of Problognathia 
minima in feeding position, viewed from the side. (B, From Sterrer, W. 

1972. Systematics and evolution within the Gnathostomulida. Syst. Zool. 

21:151-173; C, From Sterrer, W., and Farris, R. A. 1975. Problognathia 

minima n. g., n. sp. A representative of a new family of Gnathostomulida, 

Problognathiidae n. fam. from Bermuda. Trans. Am. Micros. Soc. 94:357-367.) 

Two to five pairs of protonephridia are arranged seri- 

ally along the sides of the body. Each protonephridium 

consists of a monociliated, microvillar terminal cell, a 

canal cell, and a pore cell at the surface. Each has its own 

short duct to the exterior. 

The intraepidermal nervous system consists of an ante- 

rior cerebral ganglion dorsal to the gut (Fig. 23-3), a buc- 

cal ganglion innervating the pharyngeal bulb ventral to 

the gut, and one to three pairs of longitudinal cords. The 

cerebral and buccal ganglia are joined by a pair of connectives 

passing around the gut. A ganglion serves the penis and the 

caudal ganglion innervates the posterior end of the body. The 

sensory organs are ciliary pits and sensoria, which are espe- 

cially well developed on the head. Sensoria are stiff, bristlelike 

clusters of cilia. 

Gnathostomulans are hermaphroditic. The female repro- 

ductive system usually consists of a single dorsal ovary and an as- 

sociated seminal receptacle for storage of allosperm. A vagina is 

present in some species. The male system consists of one or two 

posterior testes and usually a penis, which in some species bears 

a hardened stylet composed of several intracellular rods. The 

male gonopore is at the posterior end. Copulation has not been 

observed, but transfer of the uniflagellate or aflagellate sperm 

probably occurs by hypodermic impregnation of the body wall, 

by attachment of the male gonopore to the integument of the 

partner, or by injection into the vagina. A single 50 pm egg, 

which is enormous in comparison with the gnathostomulan 

body but small compared with the eggs of other animals, is laid 

at each opposition. The egg ruptures through the body wall 

(which quickly heals) and adheres to the substratum. Cleavage 

is spiral and development is direct. 

DIVERSITY OF GNATHOSTOMULIDA 
Filospermoideac: Long, slender, up to 3.5 mm in length 

(Fig. 23-1 A) with relatively simple, compact jaws and filiform 

sperm. Anterior end is a long, tactile rostrum with abundant 

sensory receptors. Two families. Haplognathia, Pterognathia. 

Bursovaginoideac: Most gnathostomulans belong to this 

taxon (Fig. 23-1B). Body is relatively short, up to 1.5 mm 

long, 50 pm wide. Anterior end is not elongated to form 

a rostrum, but has sensory receptors. Elaborate, basket- 

type jaws. Sperm are spherical or pyriform rather than fili- 

form, lack flagella and centrioles. Female system includes 

a seminal receptacle; penis has a stylet. Seven families in 

two orders. Austrognathia, Gnathostomaria, Gnathostomula, 

Labidognathia, Mesognatharia, Paragnathiella, Problognathia, 

Rastrognathia. 

MICROGNATHOZOA  
In 2000, R. M. Kristensen and P. Funch described Micro- 

gnathozoa as a new class from moss pillows in a cold, freshwa- 

ter spring on Disko Island, Greenland, at 70° N latitude. The 

authors did not assign the new taxon to a phylum, although 

they did place it in Gnathifera (Fig. 23-26). Micrognathozoa is 

of particular interest because the structure of its pharyngeal 

jaw apparatus is similar to that of both gnathostomulans and 

monogonont rotifers and supports the hypothesis that these 

taxa are related. At present there is only one known species, 

Limnognathia maerski, which is epiphytic on mosses. 

Micrognathozoans are microscopic compact bilaterians 
reaching lengths of up to 150 pm. The body is divided 

into a short head, pleated thorax, and abdomen (Fig. 23-4). 

The epidermis is cellular, like that of gnathostomulans, 

and unlike the syncytium of other gnathiferans. In fact, no 
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Pharynx DORSAL 
bulb 

FIGURE 23-3 Gnathostomulida. Sagittal section of the bursovaginoidean Gnathostomula paradoxa. (Redrawn 

from Laynmert, V. 1991. Gnathostomulida. In Harrison, F. W., and Ruppert, E. E. (Eds.): Microscopic Anatomy of 

Invertebrates. Vol. 4. Aschelminthes. Wiley-Liss, New York. pp. 19-39.) 

maerski. The drawing shows both internal and external features. 
(Redrawn from Kristensen, R. M., and Funch, P. 2000. Micrognathozoa. 

A new class with complicated jaws like those of Rotifera and Gnathostomulida. 

J. Morphol. 246:1-49, and Harrison, F. W. 2000. A note from the editor, 

j. Morphol. 246:30-32.) 

tissues are syncytial, although there are indications that the 

epidermis is eutelic. Both multi- and monociliated cells are 

present. The dorsal and lateral epidermis is nonciliated and 

bears an intracellular lamina of cytoskeletal plates. T he plates 

are composed of a conspicuous double layer of intracellular 

matrix. Overlapping lateral plates create the accordion-like 

pleats of the thorax. 

The ventral epidermis bears a well-developed and com- 

plex ciliation, much of which arises from multiciliated cells 

known as ciliophores that bear stiff compound cilia. Four 

pairs of ciliophores lie beside the mouth (Fig. 23-4) and two 

long rows of 18 pairs of ciliophores extend along the trunk. 

These are the chief locomotory organs and their synchro- 

nous ciliary beating is used for crawling and swimming. 

A posterior, ventral, ciliated adhesive pad consists of 10 
ciliophores. Gland cells associated with the pad produce a 

secretion that, based on observations of living animals, 

appears to be adhesive. 

The blind-ended gut consists of ventral mouth, pharynx, 

esophagus, and midgut. A cuticular oral plate surrounds the 

mouth, which opens into a muscular, cuticularized pharynx 

(Fig. 23-4). The pharynx is similar to that of gnathostomulans 

and consists of a muscular bulb with cuticular jaws, the 

epidermal cells that secrete the jaws and the cuticular lining, 

cross-striated muscles, a nervous system, and sensory cells. The 

complicated cuticular jaw apparatus consists of nine paired 

and one unpaired extracellular trophi (sclerites). The trophi 

are composed of an inner electron-dense core surrounded by 

an electron-lucent sheath like those of gnathostomulans and 

rotifers. The jaws can be protruded from the mouth and are 

used to grasp food particles. Limnognathia has been observed 

using its jaws to pick up individual diatoms, which are then 

crushed. There is no evidence that the cuticular parts are 

molted, in fact, adult epidermal cells do not appear to be 

capable of secreting new cuticle. The jaws apparently are 

secreted during development and the process is not repeated. 

The jaw apparatus is much more complicated than that of any 

rotifer. 
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A short esophagus connects the pharynx with the large 

endodermal midgut (Fig. 23-4). Two salivary glands that 

open into the midgut probably secrete digestive enzymes. 

There is no cuticularized hindgut. The midgut tapers poste- 

riorly and ends blindly at a dorsal anal plate. The posterior- 

most midgut cells interdigitate with overlying epidermal 

cells and are associated with a pair of small muscles. They 

probably serve as a periodically functioning anus. A similar 

system is found in gnathostomulans. Defecation has not 

been observed. 

The musculature consists of the pharyngeal muscles, which 

operate the jaws, and the somatic muscles. The somatic 

musculature consists of a few longitudinal cells and some 

dorsoventral cells. Tiny longitudinal muscle fibers extend 

between adjacent dorsolateral epidermal plates to contract the 

thorax. There are no circular muscles. The pharyngeal mus- 

cles are cross-striated whereas somatic muscles are obliquely 

striated, but all seem to have a mesodermal origin. Pharyngeal 

muscles attach to the cuticular jaw trophi indirectly by means 

of filaments passing through pharyngeal epidermal cells. 

Somatic muscles attach to the intracellular lamina of the dor- 

solateral epithelium, but the connection is indirect through 

the epidermal cell. 

The two pairs of protonephridia, located laterally in the 

thorax and abdomen, probably are osmoregulatory. Each pro- 

tonephridium consists of four terminal cells, two duct cells, 

and a nephridiopore cell. All seven cells are monociliated. 

The nervous system includes a large cerebral ganglion in 

the head and a pair of ventrolateral nerve cords. Buccal nerves 

are present in the pharyngeal bulb, but buccal ganglia have 

not been demonstrated. A pair of ganglia is found in the 

thorax and there is a single caudal ganglion at the posterior 

end of the body. It is not known if the cerebral ganglion is 

intra- or subepidermal, but the nerve cords appear to be 

subepidermal. Sensoria similar to those found on the gnatho- 

stomulan head occur in pairs on all parts of the body, but are 

most abundant on the head. 

No males have been discovered, and Limnognathia probably 

reproduces parthenogenetically, although hermaphroditism or 

the existence of undiscovered dwarf males is possible. Females 

have paired ovaries consisting solely of oocytes. No oviduct or 

gonopore has been found. There is no vitelline gland and yolk 

is synthesized in the oocyte. The oocytes mature one at a time 

and are very large in relation to the animal. Two refractive bod- 

ies of unknown function are located near the ovary. Cleavage 

has not been observed. Development is direct. 

SYNDERMATA  
Three taxa formerly included in the large, probably poly- 

phyletic Aschelminthes are now placed in Gnathifera. Rotifera, 

Seisonida, and Acanthocephala, although superficially dissimi- 

lar, have significant morphological and molecular features in 

common and are believed to constitute a monophyledc taxon 

usually referred to as Syndermata (Fig. 23-26). Syndermata is 

characterized by a syncytial epidermis that contains within its 

cytoplasm a skeleton known as the intrasyncytial lamina. This 

skeleton is not molted. This is in sharp contrast to the extracel- 

lular, secreted cuticle of Arthropoda and Cycloneuralia. Fur- 

ther, the anterior end of the body can be retracted into the 

trunk, an action that requires the presence of a fluid-filled he- 

mocoel to receive the head. 

Syncytial tissues arise from normal cellular tissues during 

development when the lateral membranes between adjacent 

cells break down and the cytoplasm becomes continuous. 

Such lateral fusion of cells produces a single multinucleated 

“cell,” or syncytium. Syncytial epithelia present an uninter- 

rupted plasma membrane to the environment and thus form 

an effective barrier capable of regulating the passage of ma- 

terials. There may also be structural advantages to a syncy- 

tial epithelium, for example in Syndermata. In this taxon the 

skeleton is a continuous sheet inside the epithelial cyto- 

plasm, an arrangement that would not be possible if the 

cytoplasm were broken up into individual cells. Syncytial 

epithelia also occur in some unrelated taxa such as flatworms 

and sponges. 

Syndermata includes four taxa, Monogononta, Bdelloidea, 

Seisonida, and Acanthocephala, but an understanding of their 

evolutionary relationships has not yet been achieved. In some 

modern classifications Acanthocephalans are considered to be 

derived rotifers. In this text Monogononta and Bdelloidea con- 

stitute Rotifera, Acanthocephala and Rotifera are sister taxa, 

and Seisonida is the sister taxon of Acanthocephala + Rotifera. 

Based on the evidence currently available, other arrangements 

are equally likely. 

FIGURE 23-5 Representative rotifers. A, The bdelloid rotifer 

Dissotrocha. B-E, Monogonont rotifers: B, Monommata. C-E, 

Planktonic rotifers: C, Trochosphaera. D, Polyarthra. E, Hexarthra. 

(A, Redrawn from Donner, J. 1966. Rotifers. Frederick Warne Cf Co., Ltd., 
London, p. 61; B-E, Redrawn from Ruttner-Kolisko, A. 1974. Plankton 
Rotifers. In Els ter, H.-J. and Okie, W. (Eds.): Die Binnengewasser 26 
(Suppl): 1-146.) 
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ROTIFERAp 

Rotifera contains the microscopic metazoans known as roti- 

fers, or wheel animalcules. Rotifers are common in fresh- 

water habitats, such as lakes and streams, and in terrestrial 

habitats, such as the film of water covering mosses and soil 

particles. Some are found in the sea. Although most rotifers 

are benthic, the relatively few planktonic species are so 

abundant that they are one of the three most important 

metazoan taxa in freshwater zooplankton communities. Al- 

though only about 50 rotifer species occur exclusively in ma- 

rine waters, some, such as Synchaeta, are disproportionately 

important in nutrient cycling in marine ecosystems. In fresh- 

water systems, rotifers typically reach densities of between 

200 and 1000 individuals per liter, sometimes much more. 

Soil rotifers may achieve densities as high as 2 million/m2 and 

play an important role in nutrient cycling. Almost 2000 

species have been described, and most have widespread dis- 

tributions. 

Most rotifers are 0.1 to 1 mm in length, only a little larger 

than most ciliate protozoans and smaller than some of them. 

Rotifers are strongly bilaterally symmetrical and the body cav- 

ity is S hemocoel. The body is composed of about 1000 cells, 

and both species and organ systems are eutelic. Rotifers hatch 

with the species-specific number of cells or nuclei and do not 

add to that number as adults. The rotifer Epiphanes senta, 

for example, has 958 nuclei. Most rotifer tissues are syncytial 

and all ciliated epithelial cells are multiciliated. Most are 

solitary, free-swimming or crawling animals (Fig. 23-5), but 

there are also sessile (Fig. 23-6) and colonial species (Fig. 

23-7E). Colonies are aggregations of solitary individuals that 

arise parthenogenetically. The body usually is transparent, 

although some rotifers appear green, orange, red, or brown 

due to coloration of the digestive tract. Reproduction usually 

is parthenogenetic and males are rare or absent. Unless 

specified otherwise, discussions of rotifers apply to females. 

FIGURE 23-6 Sessile rotifers. A, Stephanoceros. B, Collotheca. 
(Redrawn from Ruttner-Kolisko, A. 1974. Plankton Rotifers. In Elster, H.-J. 

and Okie, W. (Eds.): Die Binnengewasser 26 (Suppl.): 1-146.) 

Rotifera includes two taxa, Monogononta and Bdelloidea, or 

three if Seisonida is included. 

Form 
The elongate, cylindrical or saccate body is, in most species, 

divided into a short anterior head region, a narrow connect- 

ing neck, a large trunk that is the major part of the body, and 

a terminal foot (Fig. 23-8A,B). The surface may be sculptured 

FIGURE 23-7 Rotifera. A and B, Meiofaunal rotifers: A, Bryceella tenella in sand. B, Scandium longicaudum in 
algae. Both have long, slender bodies and well-developed adhesive toes. C-E, Planktonic rotifers: The voluminous 
pseudocoel of Trochosphaera solstitialis (C) and the gelatinous cuticle of the colonial Conochilus unicornis (E) may be 
adaptations to lower the density and improve buoyancy. In Kellicottia longispina (D), on the other hand, long spines 
retard the rate of sinking. (A-E, Redrawn from Ruttner-Kolisko, A. 1974. Plankton Rotifers. In Elster, H.-J. and Okie, W. 

(Eds.): Die Binnengewasser 26 (Suppl. ):1 -146.) 
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FIGURE 23-8 Rotifer anatomy. A, Dorsal view. B, Sagittal section. C, Cross section. (A andB, Redrawn from 

Remane, A. 1929-1933. Rotatoria. In Broun, H. G. (Ed.): Klassen Ordn Tierreichs 2:1-576; C, Redrawn from Beauchamp, 

P. de. 1965. Classe des Rotiferes. In Grasse, P.-P. (Ed.): Traite de Zoologie. Vol. 4. Masson et Cie., Paris, p. 1235.) 

or ornamented in various ways. The body is frequently divided 

into a series of transverse rings that decrease in diameter ante- 

riorly and posteriorly from the largest ring in the center of the 

trunk (Fig. 23-17A). Longitudinal muscles cause the rings of 

the foot to telescope into each other and into the trunk to 

shorten the body. A pair of retractor muscles pulls the head 

into the trunk. 

HEAD AND NECK 

A defining characteristic of rotifers is the ciliary corona 

(rotatory organ, wheel organ) on the head at the anterior end 

of the body (Fig. 23-8A). It is present in various forms in almost 

all rotifers. The corona is involved in locomotion and feeding, 

for which it is modified in many ways. It is a ring of ciliated cel- 

lular epidermis that encircles the head. In a generalized 

corona (Fig. 23-9), the ventral part of the ring is the buccal 
field, which surrounds the mouth. A dorsal circumapical band 

arches from the buccal field over the top of the head. The non- 

ciliated anterior end of the head, encircled by the corona, is 

the apical field. Eyes, antennae, and the openings of the retro- 

cerebral glands are situated in the apical field (Fig. 23-9). The 

coronal epithelial cells are multiciliated. 

There are at least seven major variations on the basic 

coronal pattern, and any of the parts may be reduced, 

enhanced, modified, or absent in various rotifers. The entire 

corona is lost in a few, such as Acyclus and Cupelopagis. A row 

of large compound cilia (cirri) known as the trochus 

(pseudotrochus, preoral ciliary band; Fig. 23-9, 23-17A) may 
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field 

Circumapical 
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Subcerebral 
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Cerebral 
eye 

Retrocerebral 
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Outlets of retrocerebral organ 
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Cerebral 
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Buccal 
tube 

Buccal 
field 

FIGURE 23-9 Primitive rotifer corona (shaded) in lateral view. The 
retrocerebral organ consists of the retrocerebral sac and subcerebral 
gland. (After Beauchamp, 1907, from Hyman, 1951.) 

be present along the anterior border of the circumapical 

band and the posterior border may be delimited by another 

row of cirri known as the cingulum (postoral ciliary band). 

The trochus functions in suspension feeding by moving food 

particles to the mouth whereas the cingulum is the chief 

swimming organ. Cilia may be absent from the region 

between the trochus and cingulum. In males the mouth and 

trochus are absent. 
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In Polyarthra and related species (Fig. 23-5D,E) the 

corona consists entirely of the trochus and cingulum. The 

corona of bdelloid rotifers, which include many common 

terrestrial species, also have these two ciliated bands, but the 

trochus is raised on a pedestal and divided into two lateral 

rings called trochal discs (Fig. 23-17A). The cingulum passes 

around the base of the pedestal and runs beneath the 

mouth. The beating cirri of the trochal discs resemble two 

rotating wheels, from which the names rotifer and wheel 

animalcule are derived. The pedestals can be retracted when 

the discs are not in use. 

The buccal field in Collotheca and related species is modified 

into a funnel with the mouth at the bottom, and ciliation is 

reduced (Fig. 23-6B). The edges of the buccal field expanded 

to form tentacle-like lobes bearing long retractile bristles that 

form a basket in which food is trapped. 

The benthic rotifer Dicranophorus uses the cilia of the buc- 

cal field for creeping over the substratum. The raptorial, 

planktonic Asplanchna has a well-developed cingulum forming 

a nearly complete ring, but the trochus is reduced to two small 

ciliary tufts (Fig. 23-10B). 

FIGURE 23-10 Cyclomorphosis in rotifers. A, Seasonal variability in 

spines of the lorica of the planktonic rotifer Brachionus, a favorite 

prey of Asplanchna (B). An unidentified kairomone released by 

Asplanchna induces the offspring of Brachionus to grow long 

defensive spines. The spines increase the body size of Brachionus and 

make it difficult for Asplanchna to swallow them. The Asplanchna in B 

is engaged in a futile attempt to ingest a long-spined Brachionus. 
Note the forcepslike incudate trophi typical of Asplanchna. The 

corona of the Brachionus is extended from the lorica but its foot is 

retracted. (Modified and redrawn from Koste, W. 1978. Rotatoria. Gebruder 

Borntrager, Berlin.) 

The head in bdelloid and some monogonont rotifers car- 

ries a mid-dorsal projection called the rostrum (Fig. 23-13). 

This little process bears cilia and sensory bristles at its tip and 

is also adhesive. 

The retrocerebral apparatus of the head and neck consists 

of a retrocerebral sac and subcerebral gland adjacent to the 

brain (Fig. 23-9). It opens by pores in the apical field. Its func- 

tion is uncertain, but it probably secretes mucus to lubricate 

the coronal cilia. 

TRUNK AND FOOT 

The trunk—the largest part of the body—contains most of the 

body cavity and viscera (Fig. 23-8). Its diameter usually is greater 

that that of the head or foot and its epidermis may be ringed. 

The terminal portion of the body, the foot, is considerably 

narrower than the trunk (Fig. 23-5A, 23-8A,B). Its epidermis 

may be ringed (Fig. 23-17A). The foot is reduced or absent in 

many planktonic rotifers. The posterior end of the foot usually 

bears one to four projections called toes (Fig. 23-8A). Most 

rotifers, but especially the free-living benthic and terrestrial 

species, use the foot as an attachment organ. In these groups, 

the foot contains secretory pedal glands that open by ducts on 

the tips of the toes or elsewhere on the foot. The glands 

produce an adhesive substance for temporary attachment. 

Duo-gland organs like those of flatworms and gastrotrichs 

have not yet been found in rotifers. 

Cyclomorphosis 
Many pelagic rotifers undergo seasonal changes in body 

shape or proportions, a phenomenon known as cyclomorpho- 

sis (Fig. 23-10A). For example, during one season of the year 

individuals of some species have longer or shorter spines 

than those developed by their genetically identical (cloned) 

descendants during another season. In Brachionus calyciflorus, 

spines in subsequent generations can be induced by starva- 

tion, low temperature, and kairomones from the predaceous 

rotifer Asplanchna. The enhanced spines protect Brachionus 

from predation (Fig. 23-10B). Similar morphological changes 

are observed in cladocerans and some dinoflagellates. 

FIGURE 23-11 Lorica of the rotifer Keratella quadrata. Keratella has 

no foot. The head and corona, which are not covered by the lorica, are 

not included in this drawing. (From Koste, W. 1978. Rotatoria. Gebruder 
Borntrager, Berlin.) 
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FIGURE 23-12 Rotifera. 
Electron micrograph of the 
syncytial epidermis of Asplanchna 
sieboldi, showing the intrasyncytial 
lamina (tw) and one surface pore 
(C). The lamina forms the skeleton 
of the body wall and is much 
thicker in loricate species such as 
Keratella. Asplanchna is ilioricate 
and has a thin lamina. The true 
cuticle (gl) is visible outside the 
plasma membrane. 

Body Wall 
Most of the rotifer epidermis is syncytial although that of the 

trochus and cingulum is cellular. The epidermis is thin and 

always eutelic (Fig. 23-8C). The epidermis is secretory and 

pores on its apical surface release its products to the outside 

(Fig. 23-12). 

A true cuticle is an extracellular secretion of the epidermis 

that often functions as a skeleton for protection and muscle 

attachment. The rotifer cuticle, however, contains no collagen 

or chitin and is a thin, glycoproteinaceous layer of no skeletal 

significance (Fig. 23-12). As the functional equivalent of a cuti- 

cle, the rotifer epidermis produces a dense intrasyncytial lam- 

ina (terminal web) of keratin-like protein fibers immediately 

inside the plasma membrane of the epidermis. The lamina 

functions like a skeleton, providing protection and a site for 

muscle attachment, although it is on the inside, not the out- 

side, of the plasma membrane. 

In many rotifers, especially planktonic genera such as Bra- 

c.hionus, Keratella, and Kellicottia (Fig. 23-10A, 23-11, 23-7D) 

the lamina of the trunk is especially thick and forms a rigid 

skeleton known as the lorica. Such rotifers are said to be lori- 

cate and those without a lorica are ilioricate. The head and 

foot of loricate species usually have a thin lamina and flexi- 

ble epidermis and can be retracted into the trunk lorica for 

protection. Most of the so-called cuticular structures, such as 

spines, stiff body sections, and the lorica, are stiffened solely 

by the intrasyncytial lamina and not by the true cuticle. The 

lorica may be divided into distinct plates or ringlike sections 

and is usually ornamented with ridges, spines, or articulated 

appendages. The spines may be long, and in some rotifers 

they are articulated, equipped with muscles, and movable. 

In Polyarthra the appendages are 12 long, flat skipping pad- 

dles in four clusters of three each (Fig. 23-5D). The pharyn- 

geal lining, extracellular jelly coats, and tubes of rotifers 

such as Stephanoceros and Collotheca, however, are true cuticles 

(Fig. 23-6A,B). 

Beneath the epidermis is a well-developed body muscula- 

ture (Fig. 23-8C) consisting of cross-striated, obliquely stri- 

ated, and smooth fibers (Fig. 23-13). Although both circular 

and longitudinal fibers are present, they are individual 

FIGURE 23-13 Rotifera: Musculature of Rotaria in ventral view. 
(Redrawn after Brakenhoff, 1937, from Hy man, L. H. 1951. The Invertebrates. 

Vol. 3. McGraw-Hill Book Co., New York, p. 83. Reprinted with permission.) 

muscles and are not in continuous sheets. Fibers extend 

from one unit of the epidermal skeleton to another and 

attach by tonofilaments that pass through the epidermis 

to hemidesmosomes on the intrasyncytial lamina. Contrac- 

tions change the position of the skeletal unit with respect to 

adjacent units. 

Hemocoel 
A spacious, unlined hemocoel lies between the epithelia of the 

body wall and gut (Fig. 23-8C). It lacks structural connective 

tissue and consequently is filled with fluid (blood, hemolymph). 

It is a regulated compartment containing the gut, muscula- 

ture, nervous system, protonephridia, and reproductive system. 

The hemolymph is a fluid-transport system mediating the 
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distribution of food molecules from the gut to the tissues. The 

appropriate osmolarity is maintained by protonephridia. In As- 

planchna, cilia associated with the protonephridia project into 

the hemocoel and circulate its fluid. 

The hemocoel also is a hydrostatic skeleton. Contraction of 

longitudinal muscles shortens the body. A pair of longitudinal 

muscles inserts on the head and retracts the corona into the 

trunk hemocoel. Contraction of circular muscles pressurizes 

the hemolymph and lengthens the body, extending the 

corona and antagonizing the longitudinal muscles. 

Locomotion 
Rotifers move (Fig. 23-14) by creeping, ciliary swimming using 

the corona, or skipping through water using specialized append- 

ages. Most aquatic rotifers inhabit'the bottom sediments or live 

on submerged vegetation and other firm substrata. Some of 

these benthic species never swim, but many both creep and 

swim. In crawling, as exemplified by the common bdelloids, the 

corona is retracted when the animal creeps and the foot adheres 

to the substratum using the adhesive secretion of the pedal 

glands. The animal then extends the body, attaches the rostrum, 

detaches the foot to move it forward, and again grips the substra- 

tum with the foot. The result is an inchworm- or leechlike loco- 

motion (Fig. 23-14C). 

Most rotifers are benthic and intersperse periods of tempo- 

rary attachment with swimming. During swimming, which for 

bdelloids is only for short distances, the corona is extended 

and the foot is retracted. Swimming speeds are typically 

1 mm/s, but a few species, such as the planktonic mono- 

gononts Polyarthra and Hexarthra, skip rapidly forward at veloc- 

ities of up to 35 mm/s using sudden flicks of their swimming 

appendages. 

Planktonic rotifers swim continually and are adapted for 

maintaining a favorable position in the water column. Usually, 

the body is globose, the body wall thin and flexible, and the 

hemocoelic volume large (Fig. 23-5C,D,E). Oil droplets may 

be present in the hemocoel to decrease density. Long spines 

may be present to retard the rate of sinking, and the foot and 

toes may be absent. Among the many strictly pelagic rotifers 

are a few colonial species, such as Conochilus, whose members 

resemble trumpets radiating from the center of a communal 

gelatinous ball (Fig. 23-7E). The ciliary action of the com- 

bined coronae propels the colony through the water. 

Many sessile rotifers attach to vegetation and display a marked 

substratum specificity, not only for a species of alga or plant, but 

also for the site of attachment on the plant. Many species of 

Flosculariacea are immobile and live in vaselike tubes typically 

composed of foreign particles embedded within a secreted mate- 

rial (Fig. 23-6A,B). Sessile species swim only as larvae, but as 

adults they attach permanently to the substratum. 

Nutrition 
The rotifer mouth is anterior and ventral (Fig. 23-8B) and usu- 

ally surrounded by part of the corona. It opens into the cili- 

ated buccal tube or, in suspension feeders, directly into the 

pharynx (Fig. 23-15A). The pharynx contains a set of jaws 

known as the mastax (Fig. 23-15), a characteristic featuie of 

rotifers. The pharynx is ventral, usually oval or elongate, and 

muscular. Its epithelium secretes a cuticular mastax similar to 

Toe 
Rostrum 

C 

FIGURE 23-14 Rotifera. A, Ciliary swimming in Brachionus pala at 
approximately 1 mm/s. B, Skipping in Polyarthra using muscular 
movements of appendages. Each skip moves the animal 12 body lengths 
at a velocity of 35 mm/s. C, Inchwormlike locomotion in a bdelloid 
rotifer. Alternate attachments (anchors) are made with the toe and 
rostrum. The body-wall muscles act against the hydrostatic hemocoel to 
extend and contract the body. (A, After ViaucL, 1940, from Hyman, L. H. 

1951. The Invertebrates. Vol. 3. McGraw-Hill Book Co., New York, p. 143; B, 

Greatly modified from Gilbert, J. J. 1985. Escape response of the rotifer Polyarthra: 
A high-speed cinematolographic analysis. Oecologia. 66:322-331. Reprinted with 

permission.) 

the jaw apparatuses of the Gnathostomulida and Micrognatho- 

zoa. The mastax is composed of a set of chitinous trophi con- 

nected by ligaments and operated by the mastax muscles. The 

trophi apparently are not a part of the intrasyncytial laminar 

skeletal system and instead appear to be derivatives of the true 
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FIGURE 23-15 Rotifera. A, Anatomy of the digestive system in dorsal view. B, Enlargement of the pharynx 
and mastax in A. C, Three-dimensional view of mastax and trophi. (A, Redrawn after Remane from Ruttner-Kolisko, A. 

1974. Plankton Rotifers. InElster, H.-J., and Okie, W. (Eds.): Die Binnengewdsser 26 (Suppl.):8.) 
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cuticle. They are extracellular secretions of the ectodermal 

epithelium of the pharynx (Fig. 23-15B,C). The terms mastax 

and trophi are used inconsistently in the rotifer literature. In 

this text the mastax is the cuticular jaw apparatus and the 

trophi are the separate cuticular pieces of which the mastax is 

composed. The pharynx is the muscular region of the gut in 

which the mastax is secreted and housed. 

The mastax is used for capturing and mechanically process- 

ing food and, as is typical of mouthparts, its structure varies 

considerably with taxon, depending on the type of food and 

feeding behavior. There are nine different types of mastax, two 

of which are illustrated in Figure 23-16. A typical mastax is 

Ramus 

Manubrium 

Fulcrum 

Uncus 

Manubrium 

Ramus 

Fulcrum 

FIGURE 23-16 Rotifera. A, Incudate mastax of the carnivore 
Asplanchna used for seizing prey. B, Malleoramate mastax of Filinia used 
for grinding. (Redrawn after Beauchamp, P. de. 1965. Classe des Rotiferes. In 

Grasse, P.-P. (Ed.): Traite de Zoologie. Vol. 4 Masson et Cie, Paris, p. 1235. 

Reprinted with permission.) 

composed of seven trophi of four types. In the center are two 

rami (sing., ramus; Fig. 23-15B) held together by flexible liga- 

ments and operated by muscles. The fulcrum is an unpaired, 

median trophus posterior to the rami. The uncini (sing., uncus, 

or hook) are paired and usually bear teeth or grinding plates. 

The uncini and rami are responsible for contacting and pro- 

cessing food items. The two manubria (sing., manubrium, or 

handle) are each attached to an uncus by a ligament. The 

trophi have dense cores and lucent sheaths, as do those of 

Gnathostomulida and Micrognathozoa. 

Most rotifers are suspension feeders, raptors, or omnivores. 

The suspension feeders, of which the bdelloids are good 

examples, feed on minute organic particles brought to the 

mouth by the water current produced by the coronal cilia. In 

the bdelloids, which have trochal discs, the large cilia of the 

trochus produce the principal feeding current, which is 

directed backward. Food particles brought in by the water cur- 

rent are swept by the trochus and cingulum into a food groove 

that lies between them. Food-groove cilia then carry the parti- 

cles to the mouth. The mastax of suspension feeders (Fig. 

23-16B) is adapted for grinding. The uncini are large, platelike, 

and ridged. The two plates oppose each other and the ridges 

form a grinding surface. The pharynx of suspension feeders 

probably also acts as a pump, sucking in particles that have col- 

lected at the mouth. Food intake can be regulated in various 

ways. In Brachionus, for example, the ciliated buccal field can be 

screened or uncovered by large coronal cirri, the buccal field’s 

ciliary beat can be reversed, or the pharynx can reject particles. 

Carnivorous species feed on larger food items such as pro- 

tozoa, rotifers, and other small metazoans, and capture their 

prey either by trapping or pharyngeal suction. The forcepslike 

trophi of suction feeders are used to hold or manipulate prey 

in the pharynx cavity (Fig. 23-16A, 23-1 OB). Asplanchna uses its 

forcepslike rami to remove indigestible materials from the 

stomach and then egest them from the mouth. 
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Some rotifers, such as Collotheca, trap prey in a basket 

formed of long, retractable bristles that surround the mouth 

(Fig. 23-6B). The mechanism is similar to that used by the 

well-known insectivorous plant, the Venus flytrap, to capture 

insects. When small protozoa accidentally swim into the bas- 

ket, the bristle-bearing lobes of the basket fold inward, pre- 

venting escape. The captured organisms are then sucked into 

the foregut by the pumping pharynx, which is called the 

proventriculus in this genus. The mastax of trapping rotifers is 

often very much reduced and apparently plays little or no role 

in food handling. Some rotifers, especially the notommatids, 

feed on the cell contents of filamentous algae. In the bdelloid 

Henoceros the trophi are extended from the mouth to puncture 

algal cells. 

A pair of salivary glands located in the wall of the pharynx 

(Fig. 23-15A) secretes digestive enzymes into the pharyngeal 

lumen via ducts. A short, tubular esophagus connects the phar- 

ynx with the stomach. At the junction of the esophagus and 

stomach is a pair of syncytial, enzyme-secreting gastric glands 

(Fig. 23-15A), each of which opens by a pore into the gut. 

The digestive and absorptive stomach is a large sac or tube. 

It Is cellular and ciliated in monogonont rotifers but syncy- 

tial in bdelloids. Although the lumen often is not visible with 

light microscopy, its existence has been demonstrated with the 

electron microscope. The stomach epithelium contains large 

vacuoles of uncertain function. A short, ciliated, microvillar syn- 

cytial intestine follows the stomach. The posterior end of the 

intestine is muscular, receives ducts from the protonephridia 

and gonad, and functions as a cloaca. The cloaca opens through 

the anus, which is situated dorsally near the junction between 

the trunk and foot (Fig. 23-8B, 23-15A). The intestine and anus 

are absent in the large predatory species of Asplanchna, in which 

the stomach is a blind sac. In some sessile tube-dwelling species, 

such as Stephanoceros and Collotheca (Fig. 23-6A,B), the anus has 

shifted anteriorly to allow egestion of wastes at the tube mouth 

to prevent fouling of the tube. 

Epizoic rotifers live in obligate relationships with other 

metazoans and sometimes may be parasitic. The marine bdel- 

loid Zelinkiella attaches to the gills of the polychaete worm 

Amphitrite and the tube feet of some brittle stars and sea 

cucumbers. The freshwater bdelloid Embata parasitica lives on 

the gills and pereopods of amphipods and the gills of crayfish. 

Several species of the monogonont genus Proales are commen- 

sals and parasites. Proales werneckii is parasitic within the fila- 

ments of the freshwater alga Vaucheria, which responds with 

gall-like swellings that enclose the invader. The rotifer feeds 

on algal cytoplasm and lays eggs in the gall. Proales gigantea 

bores into a snail egg, where it lives as it eats the embryo and 

lays its own eggs. Ascomorphella lives inside colonies of the 

green alga Volvox, where it consumes the cells of the host. The 

wormlike Drilophaga has a reduced corona and foot and lives 

attached to the surface of freshwater annelids. Albertia is para- 

sitic in the intestine and coelom of earthworms. 

Excretion 
Rotifers are ammonotelic and nitrogen excretion occurs 

across the general body surface. Typically, two protonephridia 

are present in the hemocoel, one on each side of the body 

(Fig. 23-8A). Each has few to many multiciliated terminal cells 

(flame bulbs) that discharge into a collecting tubule. In some 

taxa the protonephridia are syncytial. The collecting tubules 

usually empty into a bladder, which opens into the ventral side 

of the cloaca. In the bdelloids, there is a constriction between 

the intestine and the cloaca, and the cloaca itself receives the 

ducts and functions as a bladder (Fig. 23-17A). The contents 

of the bladder or cloaca are emptied through the anus by con- 

traction of their muscular walls. The protonephridia of fresh- 

water rotifers function in osmoregulation and ionic balance. 

The excreted fluid is hyposmotic to the blood and the rate of 

bladder discharge is determined by the osmolarity of the envi- 

ronment. Its pulsation rate is about one to four times per 

minute. 

Most terrestrial rotifers are associated with soil, leaf litter, 

mosses, and lichens and are active only during the brief 

time just after a rain when these surfaces are covered with 

a film of water. During this time the rotifers swim about in 

the film. They are capable of surviving desiccation, usually 

Trochal disc 

FIGURE 23-17 Cryptobiosis in rotifers. A, Active hydrated form of 

the bdelloid rotifer Philodina roseola. B, Cryptobiotic form of the 

rotifer Habrotrocha rosa. (A, Redrawn after Hickemellfrom Pennak, R. W. 

1953. Fresh-Water Invertebrates of the United States. Ronald. Press, Netu York; B, 

Redrawn from Wallace, R. L., and Snell, T. W. 1991. Rotifera. In Thorp, J. II., 

and Covich, A. P. 1991. (Eds.): Ecology and Classification of North American 

Freshwater Invertebrates. Academic Press, Neiv York. pp. 187-248.) 
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without the formation of cysts, and can remain in a dor- 

mant, highly resistant state of cryptobiosis for as long as 

three to four years (Fig. 23-17A,B). 

Cryptobiosis 
Metazoans inhabiting mosses, lichens, temporary ponds, and 

damp soil regularly face the threat of dehydration and other 

physical extremes. Such animals often evolve reproductive 

adaptations such as resistant eggs, which allow their progeny 

to survive extreme conditions even though the adults perish. 

Although unusual, the ability to survive adverse conditions 

occurs in the adults of some species of rotifers, nematodes, 

and tardigrades. 

As the environment deteriorates, the animals enter a death- 

like state of suspended animation called cryptobiosis (“hidden 

life”), or anhydrobiosis in reference to the loss of water, and 

are resurrected when conditions again become favorable. 

Cryptobiotic animals can remain dormant for months or 

years, or even a century, before reviving. Recovery may require 

10 minutes to several hours. While dormant, they survive des- 

iccation and temperature extremes that seem incompatible 

with life. There are records of cryptobiotic animals surviving 

temperatures ranging from 150°C (for a few minutes) to 

-200°C (for days). In one experiment, a rotifer and a tardi- 

grade recovered after a brief exposure to near absolute zero 

(0.008° K). 

To successfully enter cryptobiosis, the animal must desic- 

cate slowly, usually over several days, as would be typical in 

natural habitats. As the animals dry, the body shape changes 

to decrease volume and minimize surface area, presumably to 

retard the rate of desiccation (Fig. 23-17B). Rotifers shrink to 

about 25% of their normal size. Many nematodes tightly coil 

their bodies, rotifers retract head and foot and adopt a spheri- 

cal shape, and tardigrades contract into the shape of a barrel 

(Fig. 15-6E). 

Cryptobiosis is truly a near-death state. Metabolism is almost 

immeasurably low, 0.01% of normal, or may be absent entirely, 

and the water content of the body decreases to less than 1%. In 

the absence of metabolism and in near total dehydration, cryp- 

tobiotic animals are essentially dead, but revivable. If metabolic 

processes actually cease, then somehow the structural order- 

essential to life must be preserved in a sort of stable crystallized 

condition until water returns and life resumes. Two molecules, 

glycerol and the disaccharide trehalose, appear to be impor- 

tant in the formation and maintenance of the crystalline state. 

Both are synthesized as the animals slowly enter cryptobiosis. 

Glycerol is believed to protect the tissues from oxidation and to 

replace the water bound to biological macromolecules. Tre- 

halose replaces water in membranes. In substituting for water, 

glycerol and trehalose act as spacers to preserve macromolecu- 

lar organization during dehydration. 

Nervous System and Sense Organs 
The cellular, subepithelial CNS includes a cerebral ganglion 

(brain) dorsal to the pharynx (Fig. 23-18), a mastax ganglion 

ventral to the mastax, and a caudal ganglion (pedal ganglion) 

at the posterior end of the body. A pair of ventral nerve cords 

extends from the cerebral ganglion to the caudal ganglion 

(Fig. 23-8C). Nerves from the cerebral ganglion extend to the 

Mastax ganglion 

FIGURE 23-18 Rotifera. Nervous system and sensory structures (in 
lateral view) of a typical rotifer. (Redrawn after Remane from Ruttner- 

Kolisko, A. 1974. Plankton Rotifers: Biology and Taxonomy. Rinnengewdsserr 26 

(Supply. io.) 

anterior sense organs and to other parts of the body. The cere- 

bral ganglion is eutelic and consists of about 200 cells, 

depending on the species. The mastax ganglion innervates the 

muscles of the mastax and the caudal ganglion innervates 

the foot and cloaca. Most muscle cells are supplied by axons 

but a few muscles, such as the coronal retractors, send inner- 

vation processes to the brain. 

The sense organs, most of which are in the apical field, 

consist of mechanoreceptive bristles (Fig. 23-18) and anten- 

nae, chemoreceptive pores, and photoreceptive eyes (Fig. 

23-9). The antennae consist of a small number of sensory cells 

and a few cilia. They may be apical, dorsal, lateral, or caudal. 

The eyes are simple pigment-cup ocelli composed of one or 

two photoreceptor cells plus an accessory cell containing red 

screening pigment. Eyes are close to or embedded in the cere- 

bral ganglion. The eyes provide input for phototaxis and for 

photoperiodic control of life-cycle events. 

Reproduction 

ANATOMY 
Rotifers are either gonochoric and bisexual or parthenogenetic 

females, mostly the latter. Among bisexual species, males are 

always dwarfs and those organs not required for reproduction 

are degenerate. 

Parthenogenesis is characteristic of most rotifers (in con- 
trast to the bisexual reproduction in Seisonida). Bdelloids have 

no males and reproduction is exclusively parthenogenetic. In 

monogononts males are briefly present in the population at 

restricted times and most reproduction is parthenogenetic. 

Such populations are exclusively female most of the year and 

even when males are present, they are rare. Even among the 

monogononts males are unknown for many species, although 
they are assumed to exist. 
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FIGURE 23-19 Rotifera. A, Germovitellarium of Asplanchna 
brightwelli. B, Rapidly developing amictic egg of Ploeosoma hudsoni. 
C, Resting egg of Rhinogiena frontalis. D, Resting egg of Ploeosoma 
truncatum. (A, Modified and redrawn from Bentfield, 1971. B-D, Redrawn 

from Ruttner-Kolisko, A. 1974. Plankton Rotifers: Biology and Taxonomy. 

Binnengewasser 26 (Suppl.):59, 107.) 

The female reproductive system usually consists of one (as 

in monogononts) or two (as in bdelloids) syncytial germovitel- 

laria in the hemocoel. Each germovitellarium consists of 

a thin, syncytial, follicular layer enclosing a small, inconspicu- 

ous germarium (ovary), where the oocyte nuclei originate, 

and a large, syncytial, yolk-producing vitellarium (Fig. 23-19A) 

with large polyploid nuclei. The follicular layer sometimes 

forms an oviduct leading to the cloaca. During egg formation, 

yolk from the vitellarium accumulates around an oocyte 

nucleus and the combination pinches off from the syncytium 

to form a mature egg, which passes through the oviduct into 

the cloaca (or to a genital pore if there is no intestine). 

Female rotifers hatch with 8 to 20 oocyte nuclei which, 

since they are eutelic, is all they will ever have. Each oocyte 

nucleus will be incorporated into one egg. Thus each female 

will produce 8 to 20 eggs in her lifetime. Each egg is 

enclosed in a chitinous shell and a number of egg mem- 

branes, all of which are secreted by the egg itself. Benthic 

rotifers usually attach their eggs to the substratum. Plank- 

tonic rotifers, in a habitat with no obvious substratum, 

exhibit several adaptations to maintain their eggs in the wa- 

ter column rather than letting them sink to the bottom. 

Many brood the eggs by attaching them to their own bodies. 

A few rotifers, such as Asplanchna and Rotaria, are viviparous, 

with their eggs developing internally. Some attach their eggs 

to other rotifers. 

Males, if present at all, are dwarf, aberrant, short-lived, 

and little more than a swimming testis and oversized penis 

(Fig. 23-20A). It has only what it needs to find and insemi- 

nate a female. The gut is vestigial or absent, but the testis 

and penis are large, accounting for about half of the body. 

The sensory system and locomotory corona are well devel- 

oped (to find females). The single saclike testis connects 

with the exterior by a ciliated sperm duct. Because a gut and 

cloaca are absent in the male, the sperm duct runs directly to 

a gonopore homologous to the anus in the female and in the 

same dorsal position above the foot. Two or more glandular 

masses called accessory (prostate) glands are associated with 

the sperm duct. The end of the sperm duct is usually modi- 

fied to form a penis. Rotifer sperm are unusual in having an 

anterior flagellum that pulls, rather than pushes, the sperm 

forward (Fig. 23-20C). 

Sensory bristles 

Brain 

Dorsal antenna 

Accessory gland 

Male 

FIGURE 23-20 Rotifera. Dwarf male of Brachionus calyciflorus in lateral view. B, Cloacal copulation in Cephalodella 
catellina. C, Typical rotifer sperm with leading flagellum (at top). (A, Redrawn after Beauchamp, from Ruttner-Kolisko, A. 

1974. Plankton Rotifers: Biology and Taxonomy. Binnengewasser 26 (Suppl. ): 59, 107. B, Redrawn after Wulfertfrom Beauchamp, P. 

de. 1965. Classe des Rotiferes. In Grasse, P.-P. (Ed.): Traite de Zoologie. Vol. 4. Masson et Cie, Paris, p. 1266.) 



798 Chapter 23 GnathiferaSF 

Copulation is usually by hypodermic impregnation or, 

rarely, by insertion of the penis into the female’s cloaca. In 

hypodermic impregnation, the male stabs any part of the 

female’s body with his penis. Penetration is typically in a region 

where the epidermis is thin and flexible, such as the corona, 

and sperm are injected into the hemocoel. In some species 

copulation occurs within a few hours of hatching, when the fe- 

male’s epidermis is still relatively pliable. Sperm make their way 

to the germovitellarium to fertilize an oocyte. Male rotifers 

hatch with a species-specific number of sperm, about 30 in Bra- 

chionus plicatus, and use 2 or 3 with each mating. 

LIFE CYCLES 

Among rotifers, bdelloids have the simplest life cycle. Popula- 

tions are composed exclusively of diploid females that produce 

only one type of egg. Males are absent and reproduction is 

entirely clonal (asexual) by parthenogenesis. Females produce 

diploid eggs by mitosis and the eggs hatch into more diploid 

females. 

In monogonont rotifers, the life cycles are more complex, 

reproduction can be either bisexual or parthenogenetic, and 

several types of eggs can be produced (Fig. 23-19B-D). In the 

parthenogenetic, or amictic life cycle, an amictic diploid 

female (Fig. 23-21) produces an amictic egg (subitaneous egg 

or “summer” egg). It is thin-shelled, cannot be fertilized, and 

develops into an amictic female genetically identical to the 

mother. Typical meiosis does not take place in maturation and 

these eggs are diploid. Amictic, which means “without mix- 

ing,” refers to the absence of genetic recombination (no meio- 

sis or fertilization). Amictic eggs develop rapidly and hatch in 

12 to 24 hours. This process is similar to the parthenogenetic 

reproduction of bdelloids. 

A second type of monogonont egg, called a mictic egg, is 

also thin-shelled, but it is the product of meiosis and is haploid. 

If these eggs are not fertilized, they develop into haploid males 

with haploid sperm. 

Mictic (haploid) eggs fertilized by sperm from one of the 

males secrete heavy, resistant, often sculptured shells (Fig. 

23-19C,D). These fertilized eggs are dormant eggs (resting eggs, 

“winter” eggs). Dormant eggs are diploid and will eventually 

hatch into diploid females. In contrast to the thin-shelled, 

unfertilized amictic and mictic eggs, which hatch in about a day, 

dormant eggs contain a diapausing embryo capable of with- 

standing desiccation, extreme temperatures, and other adverse 

conditions and may not hatch for several months or even years. 

Dormant eggs over 20 years old have been hatched in the labo- 

ratory. At any one time, a female may produce amictic or mictic 

eggs, but not both, and the type of egg produced appears to be 

determined at the time of oocyte development. 

The reproductive pattern of monogonont rotifers is cyclic 

and seasonal, but varies with species. In a typical cycle, the 

warmer temperatures of spring induce dormant winter eggs to 

break diapause, complete their development, and hatch into 

amictic females (Fig. 23-21). During spring and early summer 

these amictic females produce several generations of partheno- 

genetic females each having a life span of one to two weeks. 

Monogonont populations spend most of their time in this 

amictic phase of the life cycle. In the late spring or early sum- 

mer, when this population reaches a maximum, some stimulus 

FIGURE 23-21 Life cycle of a monogonont rotifer. This particular 
species, Brachionus leydigi, lives in temporary ponds. Dormant eggs 
hatch with melting snows and spring rains to begin the first amictic 
cycle, in the summer, stagnating water stimulates the production of 
mictic eggs. Dormant eggs carry the species through the summer, when 
the pond dries. With autumn rains, there is a second amictic cycle. Frost 
stimulates the production of mictic eggs, and dormant eggs carry the 
species over the winter. (ModifiedfromKoste, W. 1978. Rotatoria. Gebriider 
Borntrager, Berlin, p. 34.) 

causes females to become mictic and produce haploid mictic 

eggs that, if they are not fertilized, hatch into haploid males. 

These males fertilize the mictic females and diploid dormant 

eggs are produced. These eggs carry the species through the 

winter until the next season and, if the pond or stream dries 

up, can be dispersed by birds or wind. 

Rotifers inhabiting large, permanent bodies of fresh water 

may display a number of cycles or population peaks during the 

warmer months or may be present during the entire year. The 

onset of the mictic cycle is induced by specific environmen- 

tal factors, such as high population density or changes in pho- 

toperiod, temperature, or amount or type of food. The impor- 

tance of these factors varies with species, as does the 

relationship between the two cycles and the seasons. Amictic 

eggs, although often called “summer” eggs, can be produced at 

any time of the year, as can resting eggs, depending on the par- 

ticular adaptations of each species’ life cycle. An alternative to 

the typical life cycle is described in the caption of Figure 23-21. 

This process of alternating clonal with sexual reproduction 

is known as heterogony and in rotifers it is thought to be an 
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adaptation for life in freshwater habitats with alternating peri- 

ods of suitable and unsuitable environmental conditions. The 

amictic phase makes possible very rapid recolonization of 

a habitat such as a lake or pond following a period of adverse 

environmental conditions, such as winter or drought. Some 

species can double their population every two days. The 

sexual phase confers the advantages of sexual reproduction 

on the population and also provides a mechanism for surviv- 

ing adverse conditions and for dispersal as resistant dormant 

eggs. The widespread distribution of rotifer species is due, in 

part, to the ease of overland dispersal of resting eggs. Clado- 

cera, another important taxon in the freshwater zooplankton, 

are also heterogonous and parthenogenetic and have resistant 

eggs and widespread distributions. 
-r 

Development 
Rotifers exhibit modified spiral cleavage. Nuclear division is 

completed early in development and individuals hatch with 

the full complement of cells or nuclei characteristic of their 

species. Postembryonic growth is the result of increasing cell 

size or spacing, not the addition of new cells. Development is 

determinate and direct, with no true larval stage. Males are 

sexually mature when they leave the egg and do not undergo 

a growth period. Females of free-living species hatch with all 

adult features and the species-specific number of nuclei. They 

attain sexual maturity after a growth period of a few days. For 

example, the common bdelloid rotifer Philodina roseola has an 

average life span of 48 days, and the adult, despite having the 

same number of cells, is 28 times heavier than a newly hatched 

individual. A female lays 45 eggs and the generation time — 

the time between hatching of an individual and that of its first 

progeny—-is four days. 

Sessile rotifers hatch in a free-swimming stage sometimes 

referred to as a larva that is morphologically very similar to free- 

swimming species. After a short period it settles, attaches perma- 

nently to the substratum using adhesive secretions of the pedal 

glands, and develops the characteristics of the sessile adults. 

Diversity of Rotifera 
Monogonontac: Taxon of about 1600 species in 95 genera 

includes most rotifers. Reproduction is chiefly by partheno- 

genesis but sometimes is bisexual with dwarf, nonfeeding 

males. Have one germovitellarium, heterogonous life cycles. 

Gametes are produced by mitosis or meiosis. Stomach is 

cellular. Most are benthic, either free-living or attached, but 

approximately 100 freshwater species are planktonic. 

Pioima0: Large taxon of 17 families contains the majority of 

rotifer species. Aquatic; benthic and planktonic (many). Lor- 

ica is present or absent, sometimes short or saclike. Usually 

have two toes. Corona lacks buccal field; circumapical band is 

not delimited by a trochus and cingulum. Important families 

include Asplanchnidae, Brachionidae, Synchaetidae, Notom- 

matidae, and Trichoceridae, and genera include Albertia, 

Asplanchna, Brachionus, Chromogaster, Dicranophorus, Drilophaga, 

Euchlanis, Gastropus, Keratella, Notommata, Polyartkra, Proales, 

Synchaeta. 

Flosculariacea0: Some are sessile with secreted tubes; others 

are planktonic and free-swimming. Many important plank- 

tonic rotifers belong to this order. Usually are toeless. 

Corona has a trochus and cingulum; mastax is malleora- 

mate. The six families include Flosculariidae, Hexarthri- 

dae, Conochilidae, Testudinellidae. Conochilus, Floscularia, 

Hexarthra, Testudinella, Trochosphaera. 

Collothecacea0: Most are sessile. Mouth is at the bottom of 

a shallow, flaring, anterior concavity. Anterior end often sur- 

rounded by arms with bundles of extensible bristles. Some 

taxa have a corona. Foot is enclosed in gelatinous envelope. 

Mastax is reduced, uncinate. Pedal glands are present, but 

toes are lacking. Collothecidae. Acyclus, Collotheca, Cupelopagis, 

Stephanoceros. 

Bdelloideac: Paired germovitellaria; males are absent; 

reproduction is always parthenogenetic. Benthic or terres- 

trial; about 350 species in 18 genera. Some inhabit the film 

of capillary water covering soil particles and mosses. Ante- 

rior end is retractile; usually have two trochal discs and 

a cingulum. Mastax is adapted for grinding with flattened 

uncini and a reduced fulcrum. Stomach is syncytial. Have 

two germovitellaria. Telescoping cylindrical body usually has 

16 rings. Includes swimming and creeping species. Males 

are absent. Gametes (amictic eggs) are diploid, produced 

mitotically. Contains four families, including Philodinidae 

and Habrotrochidae. Adineta, Embata, Henoceros, Philodina, 

Rotaria, Zelinkiella. 

SEISONIDAc 

Seisonida contains only two species, which are sometimes 

considered to be rotifers. Both species are ectoparasites on 

the carapace of the primitive malacostracan crustacean 

Nebalia, They feed on debris and the eggs of the host. Both 

belong to the genus Seison (Fig. 23-22) and, although they 

FIGURE 23-22 Seisonida. A, The seisonid Seison. B, The marine 
ectoparasite Seison annulatus attaches securely to the carapace of 
the crustacean Nebalia using a well-developed toe. (A, Redrawn from 

Hyman, L. H. 1951. The Invertebrates. Vol. 3. McGraw-Hill Book Co., 

New York, p. 106. Reprinted with permission.) 
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share many characteristics with rotifers, there are important 

differences. Seisonids, at about 3 mm, are very large in com- 

parison with rotifers, which are usually less then 0.5 mm. The 

corona is reduced to a few clusters of bristles and, unlike that 

of rotifers, does not function in feeding or locomotion. The 

mastax is aberrant and difficult to compare with those of roti- 

fers. It is fulcrate, a type unique to seisonids, and its trophi 

are difficult to homologize with those of rotifers. It appar- 

ently consists of a large fulcrum, two manubria, and several 

small trophi. 

Unlike any rotifer, the gonochoric Seison has fully developed 

separate sexes and reproduction is exclusively bisexual. Males 

are a little smaller and less numerous than females. The ovaries 

lack vitellaria and there is no penis in the male. Only one type 

of egg is formed and it is produced sexually by fertilization. 

The female attaches the egg by a stalk to the gills of the host. 

There have been no studies of the development of Seison. The 

gonads are paired in both sexes and sperm are packaged in 

spermatophores. Seison moves with a leechlike looping motion 

using the anterior corona and posterior toe to attach to the 

substratum. Gonochorism, the paired gonads, absence of vitel- 

larium and penis, near absence of sexual dimorphism, and the 

possession of only one type of egg are primitive characteristics 

that separate Seisonida from Rotifera. 

ACANTHOCEPHALAp 

Acanthocephala (spinyheaded worms; Fig. 23-23A) is a taxon 

of some 1150 species of derived, relatively large, parasitic, 

wormlike gnathiferans. The body cavity is a spacious hemocoel, 

there is no gut, and many tissues are syncytial and eutelic. Food 

is absorbed across the epidermis and distributed by a unique 

intraepidermal lacunar system. All are endoparasites and 

require two hosts to complete the life cycle. The larvae are par- 

asitic in arthropods and the adults live in the digestive tract of 

vertebrates, especially fishes. The cylindrical adult body is elon- 

gate and composed of a trunk and a short, anterior, spiny, 

retractable proboscis (introvert) joined to the trunk by a neck. 

Proboscis 

Neck 

Lacunar 
system 

Trunk 

Syncytial epidermis 

Dermis 

Circular 
musculature 

Hemocoel 

Testis in 
ligament sac 

Longitudinal 
musculature 

External lamina 

Hemocoel 
D 

Sperm 

Urogenital pore 

Spine 

Lacunar canal 

Giant nucleus 

Protonephridia 

Bladder 

Cement gland ducts 

Main lacunar canal Urogenital 
pore 

C 

Proboscis retractor 
Brain 

Proboscis sac 
Lemniscus 

Lateral nerve cord 

Neck retractor 

Testes 

Epidermal 
nucleus 

Ligament 

Ligament sac 

Proboscis sac 
retractor 
Cement glands 

Free ovary 

Uterine bell 

Hemocoel 

Uterus 

Copulatory bursa 

Vagina 

Female gonopore 

MALE FEMALE 

FIGURE 23-23 Acanthocephala. A, External view of a generalized acanthocephalan showing lacunar canals 

in the epidermis. B, Eversion of the proboscis. C, Internal anatomy of a male acanthocephalan in lateral view. D, 

Cross section through the trunk of a male. E, Posterior internal anatomy of a female in lateral view. F, Egg. G, 

Sperm with anterior flagellum. 
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The trunk is often covered with spines and in some is superfi- 

cially divided into segments. Most are white, but some are red 

to brown. The length is usually 1 to 2 cm, although one species, 

Macracanthorhynchus hirudinaceus, the giant spiny-headed worm 

of pigs, may attain 80 cm. The proboscis is covered with dis- 

tinctive recurved spines, hence the name “Acanthocephala” 

(= spiny head). Anatomical and molecular similarities indicate 

a close evolutionary relationship between acanthocephalans, ro- 

tifers, and seisonids (Fig. 23-26). 

The body wall includes the epidermis, the connective tissue 

dermis, a circular muscle layer, and a longitudinal muscle 

layer. The epidermis is a thick, syncytial epithelium consisting 

of several layers. It is eutelic with a more or less constant and 

species-specific number of nuclei (6 to 20). Although few in 

number, the nuclei are very large (up to 5 mm in diameter!) 

and may produce conspicuous bulges in the body surface (Fig. 

23-23C,D). 

The syncytial epidermis secretes a thin external glycocalyx 

to the exterior but, as in rotifers, there is no true, structurally 

significant cuticle. Instead, the strength of the epidermis and 

body wall is provided by a thin, intrasyncytial lamina (terminal 

web) of protein filaments immediately inside the plasma mem- 

brane (Fig. 23-24). The plasma membrane is invaginated by 

numerous blind crypts whose necks penetrate the skeletal 

lamina and extend a short distance into the syncytium (Fig. 

23-24). The crypts open to the surface at pores, are thought to 

provide additional surface area for food absorption, and may 

be sites for the formation of pinocytotic vesicles. Both roles 

are consistent with the uptake of food molecules across the 

integument. The abundance of crypts and their canals gives 

this outermost layer of cytoplasm a striated appearance. 

A thicker layer beneath the striated layer, the feltwork layer, 

consists primarily of smooth endoplasmic reticulum and fibers 

running in different directions. The innermost layer of the 

cytoplasm is the radial layer consisting of radial fibers that 

anchor the epidermis to its underlying basal lamina. The epi- 

dermis secretes a thick basal lamina that is continuous with 

the connective-tissue dermis from which arise the hooked 

spines that cover the proboscis (Fig. 23-23D). 

The lacunar system is a unique fluid-transport system arising 

in the radial layer of the epidermis and extending into the 

body-wall musculature and lemnisci (Fig. 23-23A,D). Details 

vary with taxon, but the system typically consists of dorsal, 

ventral, and sometimes lateral longitudinal channels in the epi- 

dermis, ring canals also in the epidermis that connect the dor- 

sal and ventral canals, extensive anastomosing canals around 

and in the hollow muscles, and canals in the lemnisci (which 

are described later). In electron micrographs, each canal is 

FIGURE 23-24 

Acanthocephala. Electron 

micrograph of the outermost 

(striated) layer of the syncytial 

epidermis of the acanthocephalan 

Moniliformis dubius. This image 

shows only a small part of the 

total thickness of the epidermis. 

As in rotifers, the epidermis is 

supported apically by an 

intrasyncytial skeletal lamina (tw, 

terminal web) of proteinaceous 

filaments and bears a number of 

invaginations (crypts, C), which 

open via pores onto the surface 

of the body. The felt layer, radial 

layer, and lacunar canals are not 

visible in this photograph. Also 

labeled is the extracellular 

glycocalyx (gl), or cuticle, outside 

the epidermis. 
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revealed as simply an unlined, organelle-free region of the 

epidermal cytoplasm. Respiratory pigments are absent from 

this fluid of the canals. Contractions of the body-wall muscles 

probably provide the propulsive force for moving fluid in the 

system. In fact, this may be the chief function of the body-wall 

muscles. In these gutless animals nutrients are thought to be 

absorbed by diffusion or endocytosis from the crypts and trans- 

ferred to the lacunar system for distribution to the muscles and 

hemolymph. The giant epidermal nuclei are situated deep in 

the cytoplasm beside the dorsal and ventral longitudinal 

canals, by which they are nourished. The lacunar system can 

function as a through-transport system because the syncytial 

organization of acanthocephalan tissues lacks intervening cell 

membranes. 

Beneath the epidermis is a thick, combined basal lamina 

and connective-tissue dermis (Fig. 23-23D). The body-wall 

musculature, located just inside the dermis, consists of consec- 

utive sheaths of circular and longitudinal smooth muscles 

(Fig. 23-23D). Both muscle layers are embedded in a thick, 

fibrous extracellular matrix that lines the body cavity. The 

muscle cells are hollow, containing large lumina that are 

continuous with the canals of the lacunar system. Locomotion 

is accomplished primarily by the proboscis, which is equipped 

with proboscis, proboscis sac, and neck retractor muscles. 

The proboscis and neck can be retracted into a muscular 

proboscis sac in the anterior trunk (Fig. 23-23B,C). The 

retractable proboscis and anchoring hooks provide for locomo- 

tion and attachment in the gut of the definitive host and also 

enable the larva to migrate within the intermediate host. The 

proboscis is used chiefly to maintain position in the host’s 

intestine in the face of peristaltic contractions and, when 

everted, the recurved hooks grasp the intestinal wall. As the 

proboscis is retracted, the spines withdraw from the tissue and 

release the worm. The proboscis and neck each have sets of 

longitudinal retractor muscles whose action is to invert the pro- 

boscis and neck into the proboscis sac. Contraction of the 

circular proboscis sac and body-wall muscles pressurizes the 

proboscis sac and hemocoel and everts the proboscis and neck. 

Acanthocephalans have no functional gut, mouth, or anus. 
Food is absorbed across the integument and distributed by the 

lacunar system. A strand of endodermal cells known as the 

ligament extends the length of the hemocoel from neck to 

gonopore and is thought to be a vestigial gut. In most acantho- 

cephalans the ligament is elaborated into one or two ligament 
sacs (Fig. 23-23D). These hollow, elongate sacs are suspended 

in the hemocoel from an anterior attachment on or near the 

proboscis sac to the posterior accessory reproductive organs. 

The wall of the ligament sac is acellular and composed of col- 

lagenous connective tissue. The sacs house the gonads and 

open posteriorly into the cavities of the accessory reproductive 

organs (Fig. 23-23C,D). The large, fluid-filled body cavity 

between the body wall and the endodermal ligament sacs has 

no epithelial lining and is a hemocoel (pseudocoel). 

The lemnisci are two large invaginations lying on each side 

of the neck beside the proboscis sac (Fig. 23-23C). They extend 

into the trunk hemocoel and are filled with fluid with high 

concentrations of glycogen and lipids. Their function is 
unknown, but several roles have been suggested, including that 

of participating in the proboscis hydraulic system, nutrient 

(especially lipid) uptake, excretion, and fluid transport. 

Lemnisci are enclosed in the interior of the neck retractor 

muscles, which also compress them. They contain an extension 

of the lacunar system. 

Excretory organs are unknown in most acanthocephalans, 

but two syncytial protonephridia, which open by a common 

excretory canal into the reproductive ducts, are present in one 

family (Fig. 23-23C). The 30 or more terminal cells are multi- 

ciliated flame bulbs located in the hemocoel. 

The nervous system is composed of an anterior cerebral 

ganglion, paired genital ganglia, two lateral longitudinal 

nerves, and many small, specialized nerves to body-wall 

muscles and apical organs. The eutelic cerebral ganglion 

has 50 to 110 cells, depending on species. Its structure is 

typical of invertebrate cerebral ganglia, with an outer layer 

of cell bodies surrounding an inner neuropil of axons 

and synapses. It innervates the sense organs and muscles of 

the proboscis. In the absence of a gut and other reliable 

landmarks it is difficult to know if the brain is dorsal or ven- 

tral. Surprisingly, many specialists consider it to be ventral, 

which is in contrast with the dorsal brain of almost all bilat- 

erally symmetrical animals, including the closely related 

rotifers. Two lateral longitudinal nerves exit the cerebral 

ganglion and extend to the body wall, where they divide into 

anterior and posterior longitudinal nerves. The posterior 

lateral nerves innervate the posterior body-wall muscles and 

extend to the genital ganglia. Little is known of the sensory 

system except that it is weakly developed, as it often is in 

parasites. An apical organ at the tip of the proboscis proba- 

bly has secretory and sensory functions. A pair of lateral 

sense organs is located at the base of the proboscis. Other 

sensory structures are associated with the penis and bursa 

of males. 

Acanthocephalans are gonochoric and the gonopore is 
located near the posterior end of the trunk. Fertilization is 

internal with copulation. The male system includes two testes, 

a copulatory bursa, a protrusible penis, cement glands, and 

other accessory structures (Fig. 23-23C). The testes are con- 

tained in and supported by the ligament sac and are con- 

nected with the copulatory bursa and penis by a sperm duct 

formed from the ligament sac. This arrangement is similar to 

that in male rotifers, in which the testis is supported by 

the vestigial gut. Sperm, like those of rotifers, have an anterior 

flagellum (Fig. 23-23G). 

The penis is a digitiform evagination of the base of the 

copulatory bursa inside the bursa. During copulation, the 

bursa and then the penis are protruded through the male 

urogenital pore. The bursa turns inside out and engulfs the 

posterior end of the female, including her gonopore. Ever- 

sion of the bursa places the penis on the outside, where it can 

enter the female gonopore and discharge sperm into the 

uterus. The sperm then move to the female hemocoel and 

then to the ovary, where fertilization occurs. Following copu- 

lation, the male applies a temporary mucilaginous fertiliza- 

tion cap over the female gonopore. The cap is secreted by the 

cement glands. 

In females, the ovary breaks up into fragments called free 

ovaries (ovarian balls), which are unattached in the hemocoel 

(Fig. 23-23E). The oocyte is fertilized while in the ovary, meio- 

sis is completed, and a shelled zygote is released into the 

hemocoel. Development of the zygote takes place in the 
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hemocoel and results in the formation of acanthor larvae, 

which are encapsulated in a shell and referred to as eggs, that 

are expelled. Intervening cell membranes regress and most 

embryonic tissues become syncytial early in development. 

Each acanthor has an anterior crown or rostellum with hooks. 
/C 

The eggs enter a funnel-shaped muscular structure called the 

uterine bell, which opens into the muscular uterus (Fig. 23- 

23E). A muscular sphincter known as the vagina regulates the 

release of eggs from the uterus. The female gonopore is sub- 

terminal, but because of the absence of landmarks, it is not 

known if it is dorsal, like that of rotifers, or ventral. The gono- 

pore opens on the same side as the brain so, if the brain is 

dorsal, the gonopore is also. 

“Eggs” (encapsulated larvae) are released from the gonopore 

into the intestine of the definitive host and are passed to the 

exterior with the host’s feces. If the capsules are eaten by certain 

insects, such as roaches or beetle larvae, or by aquatic crus- 

taceans, such as amp’nipods (Fig. 23-25), isopods, or ostracods, 

the acanthor larva emerges from the capsule, bores through the 

gut wall of the host, and becomes lodged in the intermediate 

host’s hemocoel. The acanthor uses its hooked rostellum to 

penetrate the host’s tissues. In the intermediate host, the acan- 

thor passes through an acanthella stage and then becomes an 

encysted cystacanth. When the intermediate host is eaten by a 

fish, bird, or mammal, the cystacanth excysts and the juvenile 

worm attaches to the intestinal wall of the vertebrate using the 

spiny proboscis. The worm can release its hold on the intestine 

and change its position by retracting the proboscis. 

Compared with tapeworms and roundworms, acanthocephal- 

ans are rare, but sometimes vertebrate hosts have heavy para- 

site loads that can do considerable damage to the intestinal 

wall. As many as 1000 acanthocephalans have been reported in 

the intestine of a duck and 1154 in the intestine of a seal. 

Although all modern acanthocephalans are parasites, one 

extinct species, Ottoia prolifica, from the mid-Cambrian 

Burgess shale may have been a free-living predator or scav- 

enger. The assignment of Ottoia to this phylum, however, is 

controversial and many paleontologists regard it as a fossil 

priapulid. 

Acanthocephalans and rotifers share the syncytial epider- 

mis with an intrasyncytial skeletal lamina. Both taxa have 

sperm with an anterior flagellum. Both have invaginations of 

the epidermal plasma membrane and a retractable anterior 

end. The testis supported by the vestigial gut is another 

synapomorphy. There is molecular evidence (18S rRNA nu- 

cleotide sequences) that the acanthocephalans are rotifers 

related to the bdelloids. Acanthocephala also has many char- 

acteristics in common with priapulids, but the intrasyncytial 

skeletal lamina is radically different from the true extra- 

cellular priapulid cuticle and the two taxa probably are not 

related. The loss of the gut is a derived character (autapomor- 

phy) in the Acanthocephala. 

Diversity of Acanthocephala 
Archiacanthocephalac: Bird and mammal parasites; inter- 

mediate hosts are centipedes, millipedes, insects. Main 

lacunar canals are dorsal and ventral. Two ligament sacs, 

which break down in reproductive females. Protonephridia 

present in one family. Macracanthorhynchus, Mediorhynchus, 

Moniliformis, Oligacanthorhynchus, Prosthenorchis. 

Eoacanthocephalac: Parasites of fishes, amphibians, reptiles; 

crustaceans are intermediate hosts. Main lacunar canals are 

dorsal and ventral. Two ligament sacs, which persist in repro- 

ductive females. Neoechinorhynchus. 

Adults live for about two 
months; females live longer 

than males 

Proboscis everts 
after excystment 

stimulated by 
increased temperature 

(> 42°C), pH7, bile 

Egg leaves duck 
via feces; Gammarus 

eats egg 

Duck eats Gammarus and <- 
becomes infected 

Invaginated 
proboscis 

Outer egg membrane 

Hooked acanthor (will 
penetrate host’s gut wall) 

Gammarus 

Orange cystacanth 
in hemocoel 

8-9 weeks 

Infective cystacanth 

FIGURE 23-25 Acanthocephala. Life cycle of Polymorphus minutus, an acanthocephalan that parasitizes the 

gut of wildfowl and domestic ducks. The embryonated eggs of Polymorphus pass out of the duck with feces and 

enter the water. The eggs are then eaten by the amphipod Gammarus. An acanthor larva hatches from the egg 

in the shrimp's gut and bores through the gut wall into the hemocoel. After passing through an acanthella 

stage, the parasite becomes an encysted cystacanth, which is bright orange and can be seen through the 

transparent body wall of the amphipod. Ducks are reinfected when they eat the amphipods. (From Lyons, K. M. 

1978. The Biology of Helminth Parasites. Edward Arnold Publishers, Ltd., London, p. 7.) 
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Palaeacanthocephalac: The largest, most diverse taxon. Par- 
asites of all vertebrate classes; intermediate hosts usually are 

crustaceans. Main lacunar canals are lateral. One ligament 

sac, which breaks down in reproductive females. Acantho- 

cephalus, Echinorhynchus, Leptorhynchoides, Polymorphous. 

PHYLOGENY OF GNATHIFERA 
Gnathifera includes Gnathostomulida, Micrognathozoa, Roti- 

fera, Seisonida, and Acanthocephala (Fig. 23-26). The jaw ap- 

paratus, located in a muscular pharyngeal bulb ventral to the 

pharyngeal lumen and composed of tubular cuticular rods, 

is a chief synapomorphy uniting these taxa. Its trophi are 

secreted by pharyngeal epidermal cells, but there is no in- 

dication that they are molted in any of these taxa. Because 

acanthocephalans have no gut, it is impossible to compare 

their jaws (which they also don’t have) with those of other 

gnathiferans. 

The strongest evidence for the monophyly of Gnathifera is 

the skeleton. In Cycloneuralia and Panarthropoda the skele- 

ton is a secreted, structurally important extracellular cuticle, 

but the thin cuticle of Gnathifera makes no structural contri- 

bution. Instead, Rotifera, Seisonida, and Acanthocephala have 

a syncytial epidermis with an intracytoplasmic (intracellular or 

intrasyncytial) skeletal lamina. This feature is a synapomorphy 

of these three taxa and they are accordingly grouped together 

in Syndermata within Gnathifera. 

In contrast, Gnathostomulida has a cellular epidermis with- 

out a cytoplasmic skeleton and Micrognathozoa has a cellular 

epidermis with a cytoplasmic skeleton. Both taxa are thus 

excluded from Syndermata, but their relationship with each 

other is unclear. Micrognathozoa has characteristics of both 

Syndermata and Gnathostomulida, appears to be related to 

both, and supports a relationship between Gnathostomulida 

and Syndermata and the monophyly of Gnathifera. 

PHYLOGENETIC HIERARCHY OF GNATHIFERA 
Gnathifera 

Gnathostomulida 
N.N. 

Micrognathozoa 

Syndermata 

Seisonida 

N.N. 

Rotifera 

Acanthocephala 
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FIGURE 23-26 A phylogeny of Gnathifera. The position of Microgna- 
thozoa is uncertain, as are relationships within Syndermata. Reasonable 
alternatives include Micrognathozoa as the sister taxon of Gnathos- 
tomulida and Acanthocephala as the sister taxon of Seisonida. 

1» Gnathifera: Cuticular pharyngeal jaws with an electron-lucent sheath 
and dense core. 2, Gnathostomulida: Hermaphroditic, with a complex 

reproductive system. 3, N.N.: Epidermis has an intracellular skeletal 
lamina. Locomotory cilia are absent on the dorsal and lateral trunk. 
4, Micrognathozoa: With ventral ciliophores, a cuticular oral plate. 

Epidermis is cellular, skeletal lamina is intracellular. Cuticular jaw apparatus 

is very complex, with three pairs of jaws and supports. 5, Syndermata: 
Epidermis is syncytial, with intrasyncytial skeletal lamina. Epidermis is 
eutelic. Sperm has anteriorly inserted flagellum. 6, Seisonida: Epizoic. Head 
ciliation consists of a few tufts of bristles. Jaw apparatus forms an anterior 
cuticular sheath. 7, N.N.: Sperm have no acrosome. 8, Rotifera: Head has 
a ciliary corona, unpaired retrocerebral glands. Female has a vitellarium. 

Parthenogenetic reproduction. 9, Acanthocephala: Endoparasites with 
a two-host life cycle. Gut is lost. (From Kristensen, R M., andFunch, P. 2000. 

Micrognathozoa: A new class with complicated jaws like those of Rotifera and 
Gnathostomulida. J. Morphol. 246:1-49.) 
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LSI nderstanding the evolutionary relationships of Kampto- 
zoa has always been a problem for zoologists and, although 

they are protostomes (trochozoans), kamptozoans have no 

unambiguous affinities with other taxa and their sister taxon 

has not been identified. Because they share some characteris- 

tics with the newly discovered taxon Cycliophora, which also 

has uncertain affinities, we have chosen to consider the two in 

the same chapter until more is known about both. They are 

small animals less than 1 mm long and exhibit most of the fea- 

tures predicted for animals with small bodies as discussed in 

Chapter 9, Introduction to Bilateria. 

KAMPTOZOAp 

Kamptozoa (= Entoprocta) includes approximately 150 known, 

living species of small, sessile, mostly marine, mostly colonial 

animals. Kamptozoans are sometimes known as “nodders” 

because of their amusing habit of bobbing on the end of their 

stalk. The name comes from the Greek kampte, meaning bend- 

ing, hence “nodders.” Kamptozoa is a monophyletic trochozoan 

taxon with no obvious affinities with any other taxon, save possi- 

bly Cycliophora. 

Except for a single freshwater genus, Urnatella (Fig. 24-1 A), 

all kamptozoans are marine and live attached to firm substrata 

such as rocks, shells, pilings, or other animals. Many are 

epizoic or commensal on sponges, polychaetes, bryozoans, 

ascidians, and other marine invertebrates. The cosmopolitan, 

FIGURE 24-1 Kamptozoa. A, Urnatella gracilis, a freshwater species. B, Part of a coiony of the marine 

Pedicellma. C, Diagram of five individuals of the commensal Loxosomella vivipara on a marine sponge. Although 

capable of generating their own feeding currents, these commensals profit from the water flow produced by the 

sponge (arrows). D, Water currents around a feeding zooid. (A, Modified after Leidy, 1884, from Pennak, 1953. B 

and D, From Nielsen, C. 1964. Studies on Danish Entoprocta. Ophelia 1:1-76; C, From Nielsen, C. 1966. On the life-cycle of 

some Loxosomatidae (Entoprocta). Ophelia 3:221-247.) 
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freshwater Umatella gracilis can be found on almost any hard 

substratum, including sticks, docks, shells, plants, and rocks in 

streams or the littoral zone of lakes and reservoirs. Members 

of the commensal family Loxosomatidae are solitary whereas 

the other three families are colonial. 

FORM 
Kamptozoan colonies consist of interconnected zooids, which 

individually are about 1 mm long but range from 0.1 to 7 mm. 

The body (Fig. 24-2C) consists of a somewhat ovoid or boat- 

shaped calyx, which contains the viscera, and a stalk by which 

the calyx is attached to the substratum (Fig. 24-1 A,B). The 

underside of the calyx is considered, on embryological 

grounds, to be the dorsal surface (proximal). The upper, ven- 

tral (distal) margin of the calyx bears an encircling tentacular 
crown of 8 to 30 solid tentacles, which are extensions of the 

body wall. 

The space, or atrium, enclosed by the tentacles contains 

the mouth at the anterior end and the anus posteriorly 

(Fig. 24-3). Note that, in contrast with lophophorates, both 
<3 

mouth and anus are located within the ring of tentacles, 

hence the alternative and widely used name, Entoprocta, 

meaning “inside anus.” The bases of the tentacles are united 

by a circumferential membrane that pulls partly over the 
crown when the tentacles contract and folds inward over 

the atrium. 

There may be a single stalk, as in the solitary Loxosomella 

(Fig. 24-1 C,D), or several stalks may originate from a common 

attachment disc (Fig. 24-1A) or stolon. In Pedicellina, numer- 

ous stalks arise from a horizontal, creeping stolon (Fig. 24-1B) 

or from upright, branching stems. In some, the stalk is sepa- 

rated from the calyx by a septumlike fold of the body wall and 

is commonly partitioned into short cylinders, or segments 

(Fig. 24-1A). The stalk is equipped with longitudinal muscles. 

In many species (such as Barentsia), certain segments are 

swollen with longitudinal muscle fibers that, on sudden con- 

traction, produce the nodding motion of the calyx (Fig. 

24-2C). Many solitary species of Loxosoma and Loxosomella can 

move about on their stalks, which have a sucker at the basal 

end, whereas others, such as Loxosoma agile, move by somer- 

saulting (Fig. 24-2D). 

FIGURE 24-2 Kamptozoa. A and B, Living colony of Barentsia laxa. A, Complete zooids, showing the swollen 

bases. B, View of the calyx and tentacular crown. C, The muscular stalks and bases enable zooids to nod and 

twist. D, Somersaulting in Loxosoma agile. (D, From Nielsen, C. 1964. Studies on Danish Entoprocta. Ophelia 1:1—7.) 
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INTERNAL FORM AND FUNCTION 

Body Wall and Hemocoel 
The body wall consists of a thick or thin, secreted, extracellular, 

proteinaceous, fibrous cuticle and its underlying monolayered, 

microvillous epidermis. Epidermal microvilli penetrate the 

cuticle, which is thin over most of the body. Some areas may 

be thickened and some contain chitin. The ciliated epithelial 

cells of adult kamptozoans are muldciliated, as are those of 

bryozoans, although some larval cells are monociliated. The 

muscle layer is limited to longitudinal fibers along the inner 

wall of the tentacles, the tentacular membrane, some areas of 

the calyx, and the stalk. The epidermis is underlaid by a base- 

ment membrane, and the well-developed connective-tissue com- 

partment tills the interior of the body. The body organization 

is compact (acoelomate) and the body cavity consists of small, 

interconnected, fluid-filled hemocoelic (pseudocoel, blasto- 

coel) spaces filled with mesenchyme, extracellular matrix, and 

blood (hemolymph). There is no coelom, mesothelium, or 

peritoneum. 

Nutrition 
Kamptozoans are filter feeders that use the tentacular crown 

to capture suspended organic particles and small phyto- 

plankton. Lateral cilia on the sides of the tentacles generate 

a feeding current that enters the atrium between the bases of 

the tentacles (Fig. 24-3, 24-lC,D). The current then curves 

apically and exits at the open end of the crown. Suspended 

food particles passing between the tentacles are trapped by 

the lateral cilia and transferred to frontal cilia on the inside 

face of the tentacles. The downward-beating frontal cilia 

transport the particles to the circumferential atrial groove 

at the base of the tentacles. Cilia in the groove move the 

particles to the mouth, where they are ingested. Note that 

because the frontal cilia are downstream of the lateral 

cilia and tentacles, the system is said to be a downstream 

collecting mechanism. This is the reverse of the upstream 

collecting systems of lophophorates (Fig. 25-25), sipuncu- 

lans, crinoids, and pterobranchs. Unique lime-twig glands in 

the tentacular crown secrete sticky, entangling threads to 

capture large particles that might otherwise escape. 

The gut is U-shaped (Fig. 24-3), with a mouth, esophagus, 

stomach, intestine, rectum, and anus. The large, bulbous 

stomach is the largest region and probably is the site of 

enzyme secretion and digestion. The gastrodermis is mono- 

layered and multiciliated. Phagocytosis has not been demon- 

strated in any part of the gut. The stomach and intestine 

have abundant microvilli and are presumably the sites of 

absorption. The mouth and anus are equipped with circular 

sphincter muscles. 

FIGURE 24-3 Kamptozoan anatomy. Open arrows show the water current generated by the lateral cilia. Solid 

arrows show path of food moving down the downstream frontal face of the tentacles and then along the atrial 

groove to the mouth. 
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Transport, Excretion, and Nervous System 
The ciliated gut transports nutritive materials to within 

effective diffusion distance of all parts of the calyx of these 

small animals. Contractile cells in the star-shaped organ at 

the junction of the stalk and calyx in some species cause the 

blood to flow through the hemocoelic sinuses, perhaps 

to distribute nutrients from the calyx to the stalk. Gases 

exchanged across the general body surface are transported 

by diffusion. 

In most kamptozoans two ectodermal protonephridia (Fig. 

24-3), each consisting of two terminal cells, open into the 

atrium by nephridiopores beside the mouth. The terminal cells 

are multiciliated flame cells. The freshwater species Urnatella 

gracilis, which inhabits a hyposrqotic environment, has multiple 

protonephridia in both the calyx and stalk. 

The nervous system is subepidermal in the connective tissue. 

It consists of a median pair of large ganglia connected by a 

transverse commissure. The ganglia are between the stomach 

and the atrium, which is distal, or ventral, to the gut; this is an 

unusual location that could be the result of the loss of a supra- 

esoph^geal ganglion and retention of the subesophageal. From 

the ganglia, nerves extend to the tentacles, stalk, sense organs, 

and calyx (Fig. 24-3). Sensory receptors are present on the tenta- 

cles, stalk, and calyx. 

Reproduction and Development 
Clonal reproduction by budding, common in all kampto- 

zoans, is capable of forming large colonies. In most species, 

the buds arise from the stolon (Fig. 24-1B) or from the 

upright branches (Fig. 24-1 A). In solitary species, the buds 

develop from the parental calyx, become separated, and then 

attach to the substratum as new individuals. 

Kamptozoans may be gonochoric or, more often, her- 

maphroditic, and there are some protandric species, espe- 

cially among the solitary loxosomatids. The one or two pairs 

of saclike gonads are located between the atrium and the 

stomach (Fig. 24-3), and the common gonoduct opens into 

the atrium. In some species the gonoduct is equipped with a 

shell gland that secretes an egg membrane. Fertilization is 

thought to occur internally, in the ovaries. Most species are 

oviparous and have planktotrophic larvae. Some, however, 

brood embryos in the atrium on a stalk secreted by the shell 

gland (Fig. 24-3). Brooders with small eggs may nourish the 

embryos via a placenta, whereas those with large eggs are 

lecithotrophic. 

Cleavage is spiral and a ciliated, free-swimming larva 

hatches from the egg. Major developmental features are typi- 

cally spiralian and mesoderm arises from the 4d mesentoblast 

cell. No coelom appears in any stage. 

The larva is a trochozoan trochophore more or less like 

that of annelids and molluscs. It has a ciliated apical tuft at the 

anterior end, a ciliated frontal organ, a ciliated prototroch 

around the ventral margin of the body, a ciliated foot (Fig. 

24-4A), a pair of protonephridia, a downstream collecting sys- 

tem, and a pair of eyes with a pigment cup and lens. Most are 

planktotrophic. After a short free-swimming existence (usually 

only a few hours), the larva settles to the bottom, where it 

creeps over the surface with the ciliated foot and eventually 

attaches with the frontal organ. Many larvae undergo a 

complex metamorphosis, including in extreme cases the 180° 

rotation of the future calyx to attain the inverted condition of 

the adult (Fig. 24-4B-E). In some species, the larva does not 

develop directly into an adult, but rather produces buds from 

which the adults are derived. 

PHYLOGENY OF KAMPTOZOA 
Early biologists believed kamptozoans to be bryozoans but, 

when it was discovered that they lacked a coelom, they were 

reclassified with the now defunct pseudocoelomate aschel- 

minths. At present they are thought to be trochozoans, but 

some zoologists continue to support a bryozoan relationship 

and consider Kamptozoa and Bryozoa to be sister taxa. This re- 

lationship is supported by their common possession of multicil- 

iated epithelia, in contrast to the monociliated epithelia of 

other lophophorates, and their similar larval eyes, which are 

unique to the two taxa. A comparison of 18S rRNA sequences 

indicates protostome affinities for both Kamptozoa and Bry- 

ozoa but does not support a close relationship between the 

two. Most zoologists believe that the similarities between Kamp- 

tozoa and Bryozoa are convergent adaptations for sessile filter- 

feeding by small animals. The differences between upstream 

and downstream collecting systems argue strongly that suspen- 

sion feeding evolved independently in the two taxa. This 

conclusion is supported by the absence of a coelom, the loca- 

tion of the anus within the crown of tentacles, the presence of 

protonephridia, and spiral cleavage in Kamptozoa, none of 

which are true of bryozoans. Nodders share with other spi- 

ralians such synapomorphies as spiral cleavage, a trochophore 

larva, mesoderm formation from the 4d mesentoblast, and pro- 

tonephridia, but their sister-taxon relationship remains, for the 

time being, uncertain. 

DIVERSITY OF KAMPTOZOA 
The 150 species of kamptozoans are currently placed in four 

families that align themselves into two higher taxa. Loxoso- 

matidae and Loxokalypodidae are solitary and lack the star 

cell complex. The calyx and stalk are not divided by a septum 

and longitudinal muscles pass uninterrupted between the 

two. Pedicellinidae and Barentsiidae are united by possession 

of a star cell complex. The longitudinal muscles of the stalk 

and calyx are separated by a septum. These kamptozoans are 

colonial. 

LoxosomatidaeF: Most are commensal with marine inverte- 

brates. Anus is elevated above the floor of the atrium by a 

tall anal cone. Protonephridia with separate nephridio- 

pores are present. Loxomespilon, Loxosoma, Loxosomella. 

LoxokalypodidaeF: Monotypic family. Solitary. Musculature 

extends uninterrupted between the calyx and stalk. Star 

cell complex and septum are absent. Loxokalypus. 

PedicellinidaeF: No anal cone; anus and mouth are on the 

floor of the atrium. Blood is circulated by contractile cells. 

Protonephridia share a common nephridiopore. Unseg- 

mented stalk and its longitudinal muscles are continuous. 

Larvae undergo a complex metamorphosis after settling. 

Myosoma, Pedicellina, Pedicellinopsis, Sangavella. 
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FIGURE 24-4 Kamptozoa. A, Larva of Loxosomella harmeri. B-E, Metamorphosis of Pedicellina. During 

metamorphosis the body rotates 180° and the dorsoventral axis is inverted, as are the mouth and anus. The 

mouth and anus in B face downward and the U of the gut arches upward. In C, the mouth and anus have 

rotated to the right (in this image), and in D and E they point upward, with the U of the gut arched downward. 

(A, From Nielsen, C. 1971. Entoproct life-cycles and the entoproct-ectoproct relationship. Ophelia 9:209-341; B-E, Highly 

modified after Con from Hyman, L. H. 1931. The Invertebrates. Vol. 3. McGraw-Hill Book Co., New York. 572 pp.) 

BarentsiidaeF: Anal cone is lacking. Blood is circulated by 

contractile cells. Protonephridia have a common nephrid- 

iopore. Stalk is divided into segments. Proximal and distal 

segments are muscular, but intervening segments lack 

muscles. Ascopodaria, Barentsia, Urnatella. 

CY CLIOPHORAp   

( AX liophora, one of the most recently discovered major animal 

taxa, currently consists of a single described species, Symbion 

pandora, that is commensal with lobsters. Cycliophorans were 

first found in 1995 by P. Funch and R. M. Kristensen on the 

mouth parts of the lobster Nephrops norvegicus, collected in Den- 

mark. Other species have been collected but have not yet been 

described. All are epizoic with crustaceans, including the 

American lobster, Homarus, and are tiny, compact (acoelo- 

mate), bilaterally symmetrical, microscopic protostomes with a 

superficial resemblance to rotifers. 

The life history is complex, but essential to understanding 

cycliophoran biology. It includes sexual and asexual cycles, ses- 

sile and motile stages, feeding and nonfeeding stages, and 

three kinds of larvae. The asexual and sexual cycles are linked 

by the sessile, asexual feeding stage (Fig. 24-5), which is com- 

mon to both. This is the dominant and central stage of the life 

cycle and is the subject of most of the following discussion. Of 

the many life-history stages, only this one has a gut and is capa- 

ble of feeding. At almost 0.5 mm long, the feeding stage is the 

largest. It lives attached to setae on the mouthparts of its host. 

The other stages are motile and short-lived. 

FORM 
The body of the feeding-stage individual consists of a buccal 

funnel, a trunk, a short stalk, and an adhesive disc (Fig. 24-5). 

The buccal funnel resembles an inverted bell with the mouth 

at the large, open, anterior end, surrounded by a mouth ring 

of multiciliated epithelium. The cilia create a downstream 

suspension-feeding system. The buccal funnel is connected to 
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FIGURE 24-5 Cycliophora. Sessile feeding stage of Symbion 
pandora with an attached adult male, an inner bud, and clusters of 
undifferentiated stem cells. The developing but still incomplete mouth 
ring and gut of an inner bud are visible in the posterior trunk. The 
inner bud will replace the current digestive system of this individual. 
The undifferentiated stem cell masses will develop into a motile stage 
that could be a Pandora larva, Prometheus larva, or mature female, but 
that, in the case illustrated, will become a female. The attached male 
will mate with the female when she matures and emerges. The 
fertilized female will produce a chordoid larva, which will develop into 
a new feeding stage individual. Cells have been omitted for clarity. 
(Redrawn fromFunch, R, and Kristensen, R. M. 1997. Cycliophora. In 

Harrison, F. W., and Woollacott, R. M. (Eds.): Microscopic Anatomy of 

Invertebrates. Vol. 13. Lophophorates, Entoprocta, and Cycliophora. Wiley-Liss, 

New York. pp. 409-474.) 

the trunk by a narrow, flexible neck. The large ovoid trunk is 

joined to the basal adhesive disc by a narrow stalk. The disc 

attaches the feeding-stage individual to the host. The trunk 

contains the gut and various developing stages, both sexual 

and asexual. 

The body wall of the feeding-stage individual consists of a 

cuticle, epidermis, and basal lamina. The epidermis is a mono- 

layered, microvillous epithelium underlaid by a basal lamina. It 

may be nonciliated or multiciliated. An extracellular cuticle 

secreted by the epidermis covers the body. The cuticle includes 

a trilaminar epicuticle similar to that of cycloneuralians and 

a fibrillar procuticle. There is no chitin in the cuticle. The 

nonliving stalk and adhesive disc are extracellular secretions 

consisting entirely of cuticle. No continuous sheaths of longitu- 

dinal or circular muscles are present, although there are 

individual muscles. 

The U-shaped gut begins at the anterior, flaring end of 

the buccal funnel with a large mouth surrounded by a mouth 

ring of nonciliated epitheliomuscular cells and multiciliated 

epidermal cells. The mouth opens into a conical buccal cavity 

that tapers into a narrow esophagus, which empties into the 

large stomach in the trunk. A long, tubular, ciliated intestine 

extends anteriorly from the stomach to the short, cuticle- 

lined rectum, which opens anteriorly at the anus on the mid- 

line at the base of the buccal funnel. With the exception of 

the rectum, which is epitheliomuscular, the gastrodermis is 

ciliated, microvillar, and without a cuticle. There is no gut or 

endoderm in any life-history stage other than the feeding 

stage. The short-lived motile stages subsist on food stored by 

the feeding stage. 

The buccal funnel and digestive system of each feeding 

stage individual are continuously degraded and renewed by 

inner buds that develop into a succession of replacements for 

the gut. This asexual inner budding is not reproduction, for it 

produces only a new buccal funnel and gut for an existing 

feeding-stage individual and does not produce a new organ- 

ism. It resembles the polypide regeneration characteristic of 

bryozoans. 

The connective-tissue compartment between the epidermis 

and gastrodermis is filled with turgid connective-tissue cells 

and there is no fluid-filled body cavity. The body organization 

is compact. The mesenchymal cells contain large, gelatinous 

vacuoles and probably serve as a cellular hydrostatic skeleton 

and for storage of food molecules. 

Most of the muscles are mesodermal myocytes that lie 

between the basal laminae of the epidermis and gastrodermis. A 

single myocyte encircles the esophagus and forms a sphincter at 

the junction of the buccal cavity and esophagus. Four obliquely 

striated muscles that extend from the anal area across the trunk 

to insert near the stalk move the buccal funnel. Some muscles 

of the male are cross-striated. Protonephridia with multiciliated 

terminal cells are present in the chordoid larva but have not 

been observed in other life-history stages. 

The nervous system is not well understood, and the posi- 

tion of the brain with respect to the gut is uncertain. Indica- 

tions of nervous tissue have been found in the base of the 

buccal funnel and also beside the esophagus. The strongest 

evidence suggests the former site as the location of the brain 

(Fig. 24-5), and this is consistent with its position — between 

mouth and anus — in kamptozoans. A pair of longitudinal 

nerve cords from this ganglion extends posteriorly through 

the trunk. All the swimming stages have a well-developed 

bilobed brain but, since they have no digestive system, they 

provide no clues regarding the position of the brain vis-a-vis 

the gut. No sense organs have been identified in the feeding 

stage, but all motile stages have numerous external sensory 

receptors. 

REPRODUCTION AND LIFE CYCLES 
The life history includes both sexual and asexual cycles linked 

by the sessile, nonswimming feeding stage. In addition to the 

inner bud, which only produces new digestive equipment, 

each feeding-stage individual contains masses of undifferenti- 

ated stem cells (Fig. 24-5) that, in different individuals, can 

differentiate into three different types of motile stages. These 

are the Pandora larva, the Prometheus larva, and the mature 

female, but each feeding-stage individual produces only 
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one of them. In a feeding-stage individual, each motile stage 

develops within a cuticular brood pouch, where it is nourished 

via a pseudoplacenta. When its development is complete, it 

leaves the feeding stage. 

Asexual Life Cycle 
In the asexual life cycle, the stem cells of a feeding-stage indi- 

vidual produce an asexual Pandora larva with a buccal funnel 

and gut. Once mature, the Pandora larva, which is about 

100 pm long, exits the feeding-stage individual and creeps 

about using a ventral ciliary held until it attaches and develops 

into a new feeding-stage individual, still on the original lobster. 

This larva was given its name by Funch and Kristensen, to 

whom its investigation was like opening Pandora’s box. At first 

they thought there was only one motile stage, the chordoid 

larva, but soon they discovered the Pandora, then the male and 

female, and, most recently, a new male larva, the Prometheus, 

which has not yet been described. 

Sexual Life Cycle 
Cycliophorans are gonochoric and undergo sexual reproduc- 

tion invoking males and females produced asexually by differ- 

ent feeding-stage individuals. Stem cells in one feeding-stage 

individual produce a male larva (Prometheus larva) and stem 

cells in another individual produce a mature female. 

The Prometheus larva is an immature male without repro- 

ductive organs. It emerges from its feeding-stage individ- 

ual, quickly settles nearby, and degenerates. Some cells from 

the degenerating Prometheus larva develop into a functional 

mature male, which swims to a different feeding-stage individual, 

one that will produce a female, and attaches to its surface with a 

cuticular adhesive disc (Fig. 24-5). Here he awaits the eventual 

release of a mature female from the feeding-stage individual. 

The waiting male contains sperm and has a cuticular penis, but 

does not yet have a mate. He is about one-quarter of the length 

of the feeding-stage individual. 

Meanwhile, a female with a single oocyte develops from 
stem cells inside the feeding-stage individual to which the 

male is attached. At maturity, the female resembles a Pandora 

larva but has an oocyte. Upon emerging from this feeding- 

stage individual, she is fertilized by the waiting male. The male 

uses his penis to achieve internal fertilization. The fertilized 

female, now with a zygote, swims away from the feeding-stage 

individual that produced her and to which the male is still 

attached. She settles and attaches nearby, still on the same 

lobster, and begins to degenerate. 

A chordoid larva (Fig. 24-6) develops from the zygote and 

swims away from the remains of the degenerated female. The 

chordoid resembles a kamptozoan larva and is a primary larva 

considered to be a trochophore. It is the dispersive stage and 

will settle on a new lobster and metamorphose into a new 

feeding-stage individual. New cycliophorans in the feeding 

stage thus can be produced asexually by Pandora larvae or 

sexually by chordoid larvae. 

A key feature of the chordoid larva is its longitudinal, 

ventral chordoid organ. This axial rod, so named for its 

notochord-like morphology and ultrastructure, is a column of 

about 50 disc-shaped muscle cells. The center of each cell is 

occupied by a large vacuole around which contractile fila- 

ments are arrayed in a peripheral circle. The rod is sur- 

rounded by a basal lamina. Longitudinal muscles insert on the 

organ and flex it by contracting. They are antagonized by the 

elasticity of the rod. Similar structures are present in urochor- 

dates, cephalochordates, vertebrates, and gastrotrichs. The 

chordoid larva has a pair of protonephridia and a bilobed 

brain. The secretions of its anterior ventral adhesive glands 

are used to attach the chordoid to the exoskeleton of the 

new host. 

ECOLOGY 
Symbion apparently is common on the lobster Nephrops, with 

75% of 42 lobsters examined being infected. It was found 

attached only to the setae of the maxillae and maxillipeds, but 

thousands of feeding stages may be present on a single host. 

Symbion is a suspension feeder, and diatoms, bacteria, proto- 

zoa, and mineral particles have been found in the gut. 
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FIGURE 24-6 Cycliophora. Chordoid larva of Symbion 
pandora in lateral view, with anterior to the right. (From Funch, 

P. 1996. The chordoid larva of Symbion pandora (Cycliophora) is a 

modified trochophore. J. Morphed. 230:231—263. Used with permission 

from Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.) 
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PHYLOGENY OF CYCLIOPHORA 
Cycliophora was established as a distinct taxon on the basis 

of the sessile, asexual feeding stage with internal buds and gut 

regeneration: The three types of free-swimming larvae include 

the unique chordoid and motile males and females. Cyclio- 

phorans share morphological and developmental similari- 

ties with kamptozoans, bryozoans, cycloneuralians, rotifers, 

and even chordates, whereas studies of 18S ribosomal RNA 

nucleotide sequences suggest a relationship with rotifers 

and acanthocephalans. Bryozoans and cycliophorans share a 

U-shaped gut, suspension feeding, small size, polypide regen- 

eration, and multiciliated epithelial cells, of which polypide 

regression is a possible synapomorphy. Like kamptozoans, 

cycliophorans have compact body organization, a downstream 

collecting system, and no indications of trimery; are epizoic; 

and have a U-shaped gut and multiciliated epithelial cells. 

Their strongest ties appear to be with Kamptozoa, with which 

they share the possible synapomorphies of epizoic commensal- 

ism and similarities in their larvae, such as the apical and 

frontal organs. It is possible that cycliophorans support the 

hypothesized link between Bryozoa and Kamptozoa discussed 

in Chapter 25, Lophophorata. 
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HI hree taxa of aquatic coelomate bilaterians, Phoronida, 

Brachiopoda, and Bryozoa, are traditionally classified together 

in Lophophorata (Fig. 25-34, 25-35). The elongate and worm- 

like phoronids resemble slender sea anemones or feather- 

duster worms, the bivalved brachiopods look like clams, and 

the colonial bryozoans can resemble seaweeds, colonial sea 

squirts, or miniature corals. 

Lophophorates are sessile suspension feeders enclosed in 

a secreted exoskeleton, shell, or tube with a single aperture. 

Because all communication with the external environment 

(feeding, defecation, excretion, spawning) is restricted to this 

aperture, the mouth, anus, nephridiopores, and gonopores 

are at the apertural (anterior) end of the body, close to the 

opening of the enclosing tube or exoskeleton. The gut is bent 

into a U, bringing the anus into proximity with the mouth at 

the apertural end (Fig. 25-25A). The anus is dorsal to the 

mouth. One or more pairs of metanephridia or coelomoducts 

may be present and, if so, their pores are also anterior. 

Lophophorates feed using a lophophore, or crown of hol- 

low, ciliated tentacles encircling the mouth (Fig. 25-2). The 

dorsal anus lies outside the ring of tentacles, but nearby. The 

lophophore is an upstream collecting system for suspension 

feeding. Its ciliated tentacles are arranged as a funnel with the 

small end surrounding the mouth and its large end open to 

the water (Fig. 25-17, 25-25). Lateral cilia on the sides of the 

tentacles create a flow of water into the large, open end of the 

funnel, then outward between the tentacles to exit the funnel. 

Suspended particles striking the tentacles become entangled 

in mucus and are moved to the mouth by frontal cilia located 

on the upstream (inside) surface of the tentacles. 

The body is divided into two (perhaps three) regions, each 

containing a coelomic cavity. The first body region is the 

mesosome containing the mesocoel, or lophophoral coelom. 

The lophophore is part of the mesosome. Most of the body is 

the posterior metasome, or trunk, with the metacoel, or trunk 

coelom. A tiny anterodorsal lobe, the epistome, may precede 

the first region and overhang the mouth (Fig. 25-2). The epi- 

stome has been considered to be homologous to the proto- 

some, and its cavity was once thought to be a coelomic space, 

the protocoel. 

Lophophorate zygotes undergo radial cleavage, develop into 

pelagic larvae, and metamorphose into sessile benthic adults. 

Kamptozoans are sometimes included in Lophophorata, but 

they are compact (acoelomate) spiralians, and, although they 

do have a crown of ciliated tentacles around the mouth, its 

tentacles are solid and the anus is within it. Furthermore, the 

tentacles operate as a downstream collecting system, in sharp 

contrast to those of lophophorates. 

PHORONIDAp  
Phoronida consists of only two genera, Phoronis and Phoronopsis, 

and 14 species of wormlike, sessile, benthic animals found only 

in the sea. Externally they are bilaterally symmetrical, but inter- 

nally they are asymmetrical with left-side dominance. Phoronids 

live in secreted chitinous tubes buried in sand or attached to 

rocks, shells, and other objects in shallow water (Fig. 25-1, 25-2). 

Some have bright green lophophores. A few species, such as the 

primitive Phoronis ovalis, bore into mollusc shells or calcareous 

rock. Phoronis vancouverensis along the Pacific coast of North 

America often forms masses of intertwined individuals. Pho- 

ronids are 2 to 20 cm in length but only 1 to 2 mm in diameter, 

making them exceedingly slender. Most are found in the rela- 

tively shallow water of the continental shelves. 

The cylindrical body lacks appendages or regional differen- 

tiation except for the conspicuous anterior lophophore and a 

swollen posterior ampulla (Fig. 25-2). The anterior epistome is 

a small dorsal process overhanging the mouth (Fig. 25-2B, 25-3B) 

and containing a space often referred to as the protocoel, 

although it is probably a blastocoel derivative, not a coelom. The 

mesosome, immediately posterior to the epistome, bears the 

lophophore and mouth. The lophophoral coelom (mesocoel) 

forms a ring at the base of the lophophore and sends a branch 

into each tentacle. Most of the body is the trunk (metasome) and 

contains the trunk coelom (metacoel). 

Primitively the lophophore is a circular tentacle-bearing 

ridge around the mouth and epistome. Frequently, however, 

the circular ring is collapsed inward dorsally to form a cres- 

cent, or horseshoe, of two parallel rows of tentacles (Fig. 25-2B, 

25-3B). The crescent arches ventrally (Fig. 25-3B), with one 

ridge passing above and the other below the mouth. The horns 

of the crescent are directed dorsally and may be rolled up as 

a spiral on each side. The lophophore is used in gas exchange 

and feeding. Folding and coiling of the lophophore increases 

the number of tentacles and the area for food collection and 

gas exchange. The amount of coiling is positively correlated 

with body size (Fig. 25-4). The anus is dorsal, close to but out- 

side and immediately posterior to the lophophore (Fig. 25-3B). 

FIGURE 25-1 Phoronis hippocrepia from the coasts of Europe, South 
Africa, and Brazil. Aggregations of tubes encrust rocks, shells, and coral. 
Note the obviously horseshoe-shaped lophophore in the upper right of 
the lower photo. (FromEmig, C. C. 1974. The systematics and evolution of the 

phylum Phoronida. Z. Zool. Syst. Evolut.-forsch. 12:128-151.) 
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rows of tentacles. (B, After Shipley.) 
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FIGURE 25-4 Phoronida: relationship between body size and 

lophophore shape. A, Phoronis ovalis, with a circular lophophore. 

B, Phoronis architects, with a horseshoe-shaped lophophore. 

C, Phoronis australis, with a simple spiral lophophore. D, Phoronopsis 

californica, with a more elaborate spiral lophophore. (Modified and 

redrawn from Abele, L. G., Gilmour, T., and Gilchrist, S. 1983. Size and shape 

in the phylum Phoronida. J. Zool. Lond. 200:317-323.) 

The glandular epidermis (Fig. 25-5) is underlaid by 

a basement membrane. The lophophore epidermis, in con- 

trast to that of bryozoans but like that of brachiopods, is 

monociliated. There is no cuticle, but the epidermis secretes 

the chitinous tube the animal occupies. Sediment particles 

are incorporated into the tube during its construction to 

stiffen the enclosure. Phoronids move within the tube, but it 

is closed at the posterior end and they never leave it. 

The coelom is lined with a mesothelium, which, in the body 

wall, is differentiated into a thin layer of circular muscles and 

a thicker, well-developed longitudinal muscle layer (Fig 25-5). 

These epitheliomuscular cells work against the coelomic hydro- 

static skeleton to move the body in the tube and to extend 

and retract the lophophore from the tube opening. The longi- 

tudinal muscles make possible the rapid retraction of the 

lophophore and withdrawal of the trunk. Extension of both, 

using the weaker circular muscles, is slower. The posterior end 

of the trunk is swollen to form an ampulla, which anchors the 

worm in the tube. The mesothelium covering the gut, mesen- 

teries, and blood vessels consists of noncontractile cells, epithe- 

liomuscular cells, and nutrient-storage cells. The metacoel is 

divided by four longitudinal mesenteries into four chambers 

(Fig. 25-5), but the mesocoel is undivided. The mesenteries 

support the gut and longitudinal blood vessels. 

Except for retraction into the tube, phoronid movements 

are slow and limited to partial emergence from the tube, 

bending movements of the extended trunk, and flicking 

movements of the tentacles. When disturbed, phoronids may 

autotomize the lophophore and later regenerate it. Freshly 

collected specimens often have lophophores in various stages 

of regeneration. 

Like all lophophorates, phoronids are suspension feeders 

that use the upstream collecting system described in the intro- 

duction. The digestive tract is a long, U-shaped loop extending 

the length of the metacoel (Fig. 25-2B). The descending limb of 

the gut begins at the mouth and consists of an esophagus and 

stomach in which extracellular digestion occurs. The ascending 

limb is the intestine ending at the anus (Fig. 25-2B, 25-5). 

The hemal system consists of blood confined to definite 

vessels. A ring vessel at the base of the lophophore gives rise 
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FIGURE 25-5 Phoronid anatomy: cross section. (Redrawn from Hyman, L. H. 1959. The Invertebrates. Vol. V. The 

lesser coelomates. McGraw-Hill Book Co., New York, after Pixell, H. 1912. Two new species ofPhoronidea from Vancouver 
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to blind-ended tentacular vessels, one extending into each 

tentacle. A large descending vessel (lateral vessel; Fig. 25-2B, 

25-5) extends from the ring vessel to the posterior end of the 

body, where it reverses direction and returns as the ascending 

vessel (median vessel). Blood flows anteriorly in the ascending 

vessel and posteriorly in the descending vessel, propelled by 

contractions of epitheliomuscular cells in the vessel walls. 

Blind-ended capillaries that extend from the vessels into the 

ampulla supply the stomach and gonad. The blood vessels are 

retromesothelial. 

The blood has hemocytes that contain hemoglobin. The 

presence of hemoglobin in such small animals apparently is 

an adaptation to life in anoxic or hypoxic habitats, such as 

fine marine sediments. The trunk extends into such sedi- 

ments whereas the lophophore, as the gas-exchange surface, 

is exposed to oxygenated water above the sediment. Unlike 

many tubicolous animals, phoronids do not ventilate their 

tubes with oxygenated water. Oxygen to support aerobic 

metabolism in trunk tissues must diffuse into the lophophore 

and be transported throughout the body bound to the hemo- 

globin in the hemal system. The blood of Phoronis architecta 

has an oxygen-carrying capacity equal to that of most verte- 

brates and its volume in relation to the body volume is twice 

that of humans. 
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FIGURE 25-6 Lophophorate 

larvae viewed from the right. 

A and B, Phoronid actinotrocha 

larva. A, External view. B, Sagittal 

section. Note the small metasomal 

sac near the middle of the straight 

gut. C and D, Bryozoan 

cyphonautes larva. C, External 

view. D, Sagittal section. 

(D, Simplified and redrawn from 

Strieker, S. A., Reed, C. G., and 

Zimmer, R. L. 1988. The cyphonautes 

larva of the marine bryozoan 

Membranipora membranacea. /. 

General morphology, body wall, and 

gut. Can.J. Zool. 66:368-383.) 

FIGURE 25-7 Phoronid metamorphosis from planktonic actinotrocha larva to benthic juvenile is 

accomplished in 15 to 30 min. Larvae viewed from the left. A, A larva, slightly more advanced than the one in 

Figure 25-6A,B, beginning metamorphosis. The gut is straight, with the mouth at the left of the image, obscured 

by the ring of larval tentacles. The metasomal sac evaginates ventrally, remaining attached to the gut by the 

ventral mesentery. B, Evagination of the metasomal sac pulls the gut into the characteristic U shape of the adult 

and establishes the worm shape of the adult trunk. The ectoderm of the metasomal sac becomes the adult 

epidermis whereas its mesoderm becomes the circular and longitudinal body-wall muscles. C, Larval tentacles 

regress as those of the adult begin to form. D, Larval tentacles are replaced by adult lophophoral tentacles. 

(.Modified and redrawn from Hermann, K. 1975. Einfluss von Bacterien auf die Metamorphose-Auslosung branchiata 

(Phoronis muelleri). Verb. Dtsch. Zool. Ges. 67:112-115.) 
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Among invertebrates, hemoglobin-containing cells are 

widespread in the coelom but almost unheard of in blood. 

Hemoglobin in invertebrate blood is almost always extracellu- 

lar, dissolved in the plasma. Extracellular hemoglobins are 

very large molecules whereas cellular hemoglobins are small. 

At equal concentrations, small molecules bind more oxygen 

than large ones because they have greater surface area on 

which to expose binding sites. On the other hand, many small 

molecules have a greater osmotic pressure than do a few large 

ones. By packaging small hemoglobins in cells, phoronids may 

be enhancing oxygen transport while minimizing the effect on 

blood osmolarity. 

Two metanephridia open from the trunk coelom by nephro- 

stomes and to the exterior by nephridiopores beside the anus 

(Fig. 25-2B, 25-3B). The left nephridium often is larger than 

the right. Ultrafiltration of blood into the trunk coelom appar- 

ently occurs across the walls of the contractile blood vessels, 

on which podocytes have been found. 

The intraepidermal nervous system consists of a nerve ring 

at the base of the lophophore from which nerves arise to sup- 

ply the tentacles and body-wall muscles. Phoronis ovalis has two 

lateral*, nonsegmented nerve cords, but all other phoronids 

have only the left cord (Fig. 25-2B, 25-5). Giant axons are pres- 

ent in the cord. 

Phoronids reproduce clonally and sexually. A few species 

form colonies by clonal budding and transverse fission. 

Phoronids have well-developed powers of regeneration. In 

response to unfavorable conditions, phoronids routinely auto- 

tomize the mesosome and lophophore, including the nerve 

ring, metanephridia, and mouth. The metasome replaces the 

missing parts in two to three days. Some species fragment into 

numerous pieces, each of which becomes a new, complete 

phoronid. 

Most phoronids are hermaphroditic. The gonad occupies 

the coelomic space around the stomach in the ampulla and 

receives numerous capillaries from the descending blood ves- 

sel (Fig. 25-2B). Gametes are shed into the trunk coelom and 

escape to the outside by way of the metanephridia, which 

function as gonoducts. The sperm are packaged into sper- 

matophores produced by a pair of lophophore organs (Fig. 

25-3B) and released into the water. The spermatophores are 

captured by the lophophore of other individuals, whereupon 

the sperm become ameboid and penetrate the body wall to 

enter the metacoel. The eggs are fertilized internally and 

zygotes exit through the metanephridia to be brooded in the 

lophophore or released into the plankton. 

Development is a mix of deuterostome and protostome 

characters. Cleavage is holoblastic and radial. The blasto- 

pore becomes the mouth. Development is regulative, and 

experimentally isolated blastomeres develop into complete 

larvae. Cleavage leads to a coeloblastula that gastrulates by 

invagination, but coelom formation is schizocoelous. No 4d 

mesentoblast is present, and mesoderm originates as mes- 

enchyme from the archenteron, which becomes epithelial 

and encloses the larval trunk coelom. Recent work has 

demonstrated that the cavity of the epistome, long believed 

to be a protocoel, is in fact not lined by an epithelium, is 

filled with ECM, and is a blastocoel derivative, not a coelom. 

The lophophore coelom develops later from mesodermal 

cells in the adult’s tentacle buds. 

Development is indirect in almost all phoronids and the 

gastrula becomes a characteristic, elongate, tentaculate, ciliated 

larva called an actinotrocha (Fig. 25-6A,B). The gut is straight 

with the mouth anterior and anus posterior. A large preoral 

hood overhangs the mouth and a ring of ciliated tentacles par- 

tially encircles the mouth. The tentacles function chiefly in feed- 

ing and the ciliated telotroch around the anus is probably the 

principal locomotory organ. The larva has a pair of solenocytic 

protonephridia. The metasomal sac, which is an invagination of 

ectoderm associated with the mesoderm, lies near the middle of 

the ventral surface (Fig. 25-6B) and connects to the gut by the 

ventral mesentery. During metamorphosis the metasomal sac 

everts and develops into the body wall of the adult trunk (Fig. 

25-7). After a long or short free-swimming, planktotrophic 

period, the actinotrocha undergoes a rapid metamorphosis in 

which the gut becomes U-shaped and the larval tentacles are 

replaced by adult tentacles. It sinks to the bottom, secretes 

a tube, and becomes a benthic adult (Fig. 25-7). 

Among the 14 phoronid species, Phoronis ovalis is believed 

to embody many primitive traits. It has a simple oval 

lophophore and its hemal, nervous, and excretory systems are 

bilaterally symmetrical. Other phoronids show a greater or 

lesser reduction of these organs on the right side of the body. 

Such left-side dominance is reminiscent of several taxa of 

deuterostomes, including enteropneust hemichordates, echino- 

derms, and cephalochordates, all of which have larval and 

adult asymmetries favoring the left side of the body. 

BRACHIOPODAp  

Brachiopods are commonly known as lamp shells because their 

shells sometimes resemble ancient Roman oil lamps (Fig. 

25-8). More importantly, these animals also resemble bivalve 

molluscs in being suspension feeders with a mantle, mantle 

cavity, and bivalved calcareous shell. In fact, until the middle of 

the 19th century they were thought to be molluscs. The resem- 

blance to clams, though striking, is superficial, and bra- 

chiopods are now placed in their own taxon far removed from 

Mollusca. In both taxa, two mineralized valves enclose a soft 

body, but in brachiopods the valves are dorsal and ventral (Fig. 

25-8C) whereas in bivalve molluscs they are right and left. 

All brachiopods are marine, benthic suspension feeders 

found from the intertidal zone to the deep sea, but most live 

on the continental shelf. They are solitary and most species 

live attached to the surface of rocks or other hard substrata 

(Fig. 25-12) but some, such as Lingula, live in vertical burrows 

in sand or mud bottoms (Fig. 25-9A). Although fossil species 

were widely distributed in ancient seas, modern species are 

largely inhabitants of cold waters. 

Brachiopods are relatively large and thick-bodied, with an 

average diameter of about 5 cm and an unfavorable surface 

area-to-volume ratio. Their exceptionally large lophophore is 

presumably a mechanism for increasing surface area to com- 

pensate for the increased volume. 

The approximately 350 species of extant brachiopods are 

but a fraction of the 12,000 known extinct species that flour- 

ished in Paleozoic and Mesozoic seas. Because of their min- 

eral shells, they are well represented in the fossil record. 
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FIGURE 25-8 Brachiopoda. A, The articulate brachiopod Terebratella. On the left are dorsal (bottom of 

image) and ventral (top of image) valves. Note the conspicuous foramen for the pedicle in the ventral valve. On 

the right are two valves in the closed position. The foramen is evident in this image, also. B, Paraspirifer, a fossil 

articulate brachiopod. C, Sagittal section through the terebratulid Waltonia, showing the relationship of valves, 

muscles, and pedicle. D, Section through the edge of the shell and mantle of an articulate brachiopod. E, 
Internal surface of the dorsal valve of an articulate brachiopod. (C, From Rudwick, M.J. S. 1970. Living and Fossil 

Brachiopods. Hutchinson and Co., London; D, From Williams and Rowell, 1965; E, After Davidson, 1887, from Hyman, L. H. 
1959. 7he Invertebrates. Vol. V. The lesser coelomates. McGraw-Hill Book Co., New York.) 
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FIGURE 25-9 Brachiopoda. A, The inarticulate Lingula in the feeding position within its burrow. B, Burrow 

openings of Lingula when feeding. Chaetae show around the middle exhalant and lateral inhalant apertures. C, 

A living epibenthic inarticulate Discinisca, attached by the pedicle. D, Diagrammatic lateral view of a living 

articulate Lacazella, which lives attached directly to the substratum by its ventral valve. E, Sagittal section 

through the Permian articulate Chonosteges, which has cemented its ventral valve directly to the substratum. F, 

The Devonian articulate Spyringospira, which is believed to have lived unattached on soft bottoms. G# The 

Permian articulate Waagenoconchia, which is believed to have lived partially buried in soft bottoms. (A, Modified 

from Francois, 1891; B, Modified from Rudwick, 1970; C, After Morse, 1902, from Hyman, L. H. 1959. The Invertebrates. 

Vol. V. The lesser coelomates. McGraw-Hill Book Co., New York; D, F, and G, From Rudwick, M.J. S. 1970. Living and Fossil 

Brachiopods. Hutchinson and Co., London; E, Modified from Rudwick, 1970.) 
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Brachiopoda made its appearance in the lower Cambrian 

period and reached its peak of generic diversity during the 

Devonian. Since then they have apparently suffered relative 

to bivalve molluscs, with which they compete for sedentary, 

benthic, bivalved suspension-feeder niches. Brachiopods 

declined substantially in the great Permian extinction and 

the limited numbers and restricted distribution of Recent 

species are consequences of that episode. Following this 

setback, the number of genera increased modestly during 

the Cenozoic. The living genus Lingula dates back to the 

Ordovician. 

Brachiopoda includes two taxa, Inarticulata and Articulata, 

that differ in many morphological features, especially the 

articulating mechanism of the hinge and its muscles. Most 

modern brachiopods are articulates. Although morphological 

features suggest that inarticulates are more primitive, both 

taxa are present from the beginning of the fossil record. 

FORM 
A typical brachiopod has a body with a large anterior 

lophophore (Fig. 25-10). Two folds of the body wall, the dorsal 

and ventral mantle lobes, extend anteriorly from the body and 

partly enclose a water space, the mantle cavity, in which 

the lophophore is located. Each lobe consists of an outer man- 

tle epithelium, which secretes the shell, and an inner mantle 
epithelium, which lines the mantle cavity (Fig. 25-8D). The 

entire body, mantle lobes, and lophophore are enclosed in a 

bivalved shell. 

Each of the two valves is bilaterally symmetrical and has a 

convex outer margin. The ventral valve typically is larger than 

the dorsal (Fig. 25-9E). The dorsal (brachial) valve supports 

the lophophore and fits over the ventral (pedicle) valve, the 

apex of which sometimes contains a posterior aperture (Fig. 

25-8A,C) for the exit of an attachment stalk, the pedicle (Fig. 

25-9C). In the burrowing lingulids, the valves are flattened 

and similar in size and shape. The valves may be ornamented 

with concentric growth lines and a fluted, ridged, or even 

spiny surface. The shells of most living brachiopods are dull 

yellow or gray, but some species are orange or red. 

The two valves articulate with one another along a poste- 

rior hinge (Fig. 25-9D,E,F). The characteristics of this hinge 

are the basis for the division of Brachiopoda into Inarticu- 

lata and Articulata. In inarticulate brachiopods, such as 

Lingula and Glottidia, the valves are held together only by 

muscles, and the hinge region of the valves is simple and 

unelaborated. In articulate brachiopods, the posterior edge 

of the ventral valve bears a pair of hinge teeth that fit into 

complementary sockets on the hinge of the dorsal valve 

(Fig. 25-8C,E). This articulating mechanism locks the valves 

securely together and allows a slight anterior gape of only 

about 10° (Fig. 25-9E). 

Because muscles exert force only when shortening, bivalve 

animals such as clams and brachiopods are faced with the dif- 

ficult task of opening the valves, while keeping all soft parts 

safely within the confines of the shell. It is an easy matter to 

close (adduct) the valves with a muscle extending from one 

valve to the other but opening (abducting) is more difficult 

and brachiopods use two different mechanisms, neither the 

same as that used by clams. In inarticulate brachiopods, con- 

traction of longitudinal muscles pressurizes the coelom, caus- 

ing it to expand and push the valves outward. Remember that 

a gape of only about 10° is the goal. Although the hinge itself 

is simple, lingulids have a complex musculature not only to 

adduct the valves but also to compress the coelom and abduct 

the valves. Some of these muscles can also cause the valves to 
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FIGURE 25-10 Brachiopod anatomy. A, Dorsal view. B, Sagittal section. (Modified and redrawn from Delage and 

Herouard modified from Beauchamp, P de. 1960. Classe des Brachiopodes. In Grasse P.-P. (Ed.): Traite de Zoologie. Vol. 5. 
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FIGURE 25-11 Brachiopod movements. Burrowing Lingula and Glottidia (A) arch the body using the pedicle 
and slice into the sediment using scissorslike movements of the dorsal and ventral valves (B). Individuals of the 
articulate Terebratalia transversa placed randomly in a unidirectional current (C) rotate on their pedicles, 
positioning themselves with the longitudinal body axis perpendicular to the water flow (D). In this orientation, 
the water currents aid, rather than oppose, the ciliary current produced by the lophophore. (A, Modified from 

Trueman, E. R., and Wong, T. M. 1987. The role of the coelom as a hydrostatic skeleton in lingulid brachiopods. J. Zool. Lond. 

213:221-232, and personal observations ofE. E. R.; B, Based on data and discussion by EaBarbera, M. 1977. Brachiopod 

orientation to water movement. I. Theory, laboratory behavior, and field orientations. Paleobiology 3:270-287'.) 

shear past each other in a scissorslike motion (Fig. 25-11). 

Lingulids burrow using these shearing movements to slice 

through sediment. 

In inarticulates and articulates, adductor muscles extend 

from valve to valve with both insertion and origin anterior 

to the hinge. These muscles puli the valves together and 

close the shell (Fig. 25-8C). In articulates, a pair of abduc- 
tor (diductor) muscles originates on the ventral valve and 

inserts on the dorsal valve posterior to the hinge. Contraction of 

these muscles opens the valves (Fig. 25-8C, 25-9D). Although 

effective, this arrangement requires an opening in the shell 

and a muscle or tendon partially exposed and vulnerable to 

predation. Clams, you may recall, have no abductor muscle 

and rely instead on the elastic recoil of the hinge ligament to 

open the valves. 

Like those of bivalve molluscs, brachiopod adductor mus- 

cles are divided into quick and catch portions (Fig. 25-8C). 

The quick muscles are striated fibers capable of rapid contrac- 

tion to close the valves quickly. The catch muscles, composed 

of smooth fibers, are slower, but can remain contracted for 

long periods without fatigue. 

Each valve (Fig. 25-8D) consists of an inner biomineralized 

layer covered by an outer organic (proteinaceous) perio- 

stracum. The periostracum is secreted by epidermal cells of the 

mantle margin whereas the mineral portion is secreted by the 

outer mantle epidermis. The mineral layer is divided into 

outer primary and inner secondary layers. The layers of the 

shell are secreted in sequence, beginning with the perio- 

stracum and ending with the secondary mineral layer. In articu- 

lates the primary layer consists of calcite and the secondary 

layer is organocalcitic, including protein as well as calcite. The 

chitinophosphatic shell of inarticulates seems to be the more 

primitive and appears first in the fossil record, in the Cam- 

brian. It is more complex and not as well understood as the 

articulate shell. It has an organic matrix consisting chiefly of 

glycosaminoglycans (GAGs). The flexible primary layer consists 

of apatite (another form of calcium carbonate) crystals embed- 

ded in GAGs whereas the secondary layer is a complex of colla- 

gen and other proteins, GAGs, chitinophosphate, and apatite. 

The inarticulate periostracum contains traces of chitin. 

In most brachiopods, the outer mantle epidermis extends 

diverticula, or ceca, through the calcareous shell to the perio- 

stracum (Fig. 25-8D). The ceca may be storage sites, secrete 

repellants to discourage fouling organisms, or function in gas 

exchange. 

In addition to secreting the shell, the mantle edge in most 

species bears long, chitinous chaetae that may have a protec- 

tive and perhaps a sensory function (Fig. 25-9C, 25-10). All are 

equipped with muscles and are movable, some more so than 

others. The chaetae have a core of parallel tubular lumina and 

are similar morphologically to those of annelids but unlike 

the setae of arthropods (Fig. 13-5). They channel the flow of 

water into and out of the mantle cavity in some brachiopods 

(Fig. 25-9A,B). 

The body occupies only a third of the space between the 

two valves (Fig. 25-10). Anteriorly, the space between the man- 

tle lobes is the mantle cavity, which is filled with seawater and 

occupied by the lophophore (Fig. 25-10A). 

Most brachiopods are attached to the substratum by a cylin- 

drical extension of the body wall called the pedicle. It is cov- 

ered by a thick, chitinous cuticle secreted by the epidermis 

and extends posteriorly from the aperture in the hinge region 
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of the shell (Fig. 25-9A,C, 25-10). The pedicles of articulates 

and inarticulates develop from different larval primordia and 

thus are not homologous. Although they have similar func- 

tions, they differ morphologically. 

The pedicle of the inarticulate lingulids (Lingula and Glot- 

tidia) is long and muscular (Fig. 25-9A). Its core is an exten- 

sion of the metacoel that contains hemerythrocytes and is 

lined by a mesothelium. A layer of longitudinal muscle lies 

between the coelom and the basement membrane of the pedi- 

cle epidermis. 

The articulate pedicle may be short, rigid, and lack muscles 

(Fig. 25-9C) or it may be a flexible, muscular tether (Fig. 25-10). 

Its core is mostly connective tissue and lacks a coelomic cavity. 

Furthermore, the pedicle emerges either from a notch in the 

hinge line of the ventral valve or through a hole at the 

upturned apex (Fig. 25-8A, 25-10A). This means, of course, that 

the pedicle emerges from the dorsal side of the ventral valve, 

which extends posteriorly well beyond the dorsal valve (Fig. 

25-8C). An articulate brachiopod may be attached to the sub- 

stratum upside down with its valves in a horizontal position (Fig. 

25-9C) or with its hinge end down and the gape directed up- 

ward. Muscles within the valves, which insert on the pedicle 

base, permit erection, flexion, and even rotation of the animal 

on the pedicle (Fig. 25-11C,D). The distal end of the pedicle 

adheres to the substratum by means of rootlike extensions or 

short papillae. 

The pedicle has been completely lost in a few brachiopods 

of both classes, such as Crania (Inarticulata) and Lacazella 

(Articulata). Such species cement their ventral valve directly to 

the substratum and thus are oriented with the dorsal side 

more or less up (Fig. 25-9D,E,F). The posterior part of the 

ventral valve forms the point of attachment and the anterior 

margin is directed somewhat upward and clear of the substra- 

tum. Some species of fossil brachiopods that attached by 

cementation were important components of Paleozoic reefs. 

A few deep-sea species, such as Chlidonophora, anchor into sedi- 

ment with a branched, rootlike pedicle. 

The shell shape of a number of fossil taxa suggests that they 

were adapted for living free on the surface of soft bottoms. 

Spines, long “wings,” flanges, and flattened ventral surfaces 

appear to have been devices used to prevent sinking into the 

FIGURE 25-12 Brachiopoda. A rock wall on the coast of New Zealand 
supporting three species of brachiopods. The white, branching organism 
is a stylasterine hydrocoral. Photograph covers approximately 1 m2. 

sediment (Fig. 25-9F,G). Among living species, the New 

Zealand Neothyris lenticularis lives free on gravel or coarse sand 

bottoms and Terebratella sanguinea lives either attached to rock 

or free on sand and mud. Most modern species attach to hard 

substrata (Fig. 25-12). 

LOPHOPHORE AND FEEDING 
As in other lophophorates, the brachiopod lophophore is a 

crown of hollow tentacles encircling the mouth. In order to 

increase the surface area, however, the lophophore is 

extended anteriorly as two arms, or brachia, from which the 

name brachiopod is derived. In its simplest form the lophophore 

is horseshoe-shaped and each arm, or brachium, projects 

anteriorly into the mantle cavity. In larger species, the arms 

may be looped or spiraled in complex arrays, greatly 

increasing the collecting surface area of the lophophore (Fig. 

25-10, 25-13) to provide an adequate respiratory and feeding 

surface for the relatively massive body. Each brachium bears 

a row of lophophoral tentacles with a ciliated brachial groove 

(Fig. 25-13B) parallel to its base. Each brachium contains a 

cartilage-like axial support and two coelomic canals. Branches 

of the canals extend into the tentacles. The coelomic spaces in 

the brachia and tentacles function together as a hydrostatic 

skeleton that maintains the turgid, erect conformation of the 

tentacles. In many articulate brachiopods, the dorsal valve 

bears a pair of complex, delicate, calcareous processes known 

as brachidia that support the brachia. The inner valve surface 

may be grooved and ridged to make space for the lophophore 

(Fig. 25-8E). 

The upstream particle collecting system of the tentacles 

functions as described for lophophorates in general and is 

used for suspension feeding. During feeding, water enters and 

leaves the anterior valve gape through distinct inhalant and 

exhalant apertures and channels (Fig. 25-13A). Particles, espe- 

cially fine phytoplankton, are stopped by the lateral cilia of 

adjacent tentacles and then transported down the inside 

(upstream) edge of the tentacles to the brachial groove. The 

brachial groove conducts food from the base of the tentacles 

to the mouth (Fig. 25-13B). Rejected particles are carried away 

by the exhalant current. 

Fingulids live in burrows in soft sediments. The anterior 

ends of the valves are directed upward, toward the burrow 

opening, and the posterior pedicle extends downward toward 

the bottom of the burrow and is encased in sand (Fig. 25-9A). 

When the animal is in the feeding position the gaping valves 

are near the opening of the burrow. The long mantle chaetae 

are bunched together in three clusters to form two lateral 

inhalant siphons and a median exhalant siphon that project 

slightly above the sediment surface and prevent sediment par- 

ticles from entering the mantle cavity (Fig. 25-9B). When the 

animal is disturbed, the pedicle contracts and pulls the animal 

downward into the burrow. 

INTERNAL FORM AND FUNCTION 
The adult brachiopod body consists of a mesosome and meta- 

some. These contain an anterior lophophore coelom with 

extensions into the tentacles and a large, spacious trunk coelom 

in which the gut, metanephridia, gonads, shell muscles, and 
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FIGURE 25-13 Brachiopoda. A, View into the anterior gape of the brachiopod Megathyris, showing the 
lophQphore and water currents. Inhalant currents are indicated by the two forked arrows and exhalant flow by the 
simple arrows. B, Enlargement of an exhalant channel of Megathyris. Open arrows indicate water flow; small black 
arrows represent particle transport on the tentacles; large black arrows indicate particle transport to the mouth by 
the brachial groove. (A, Modified and redrawn Rudwick, M.J. S. 1970. Living and Fossil Brachiopods. Hutchinson and Co., 
London. B, After Atkins, 1959.) 

hemal system are located. The mesothelial lining is ciliated. The 

presence of a protosome is doubtful, although a small, dorsal, 

preoral epistome is present anterior to the mouth. In articulates 

it is solid but in inarticulates it contains a space that is continu- 

ous with the lophophore coelom; there is no evidence that it is 

a protocoel. 

The body wall consists of an outer epidermis, a layer of con- 

nective tissue, and the coelomic mesothelium. All brachiopod 

epithelia are monolayered and all ciliated cells are monocili- 

ated. Those body-wall muscles lying beneath the shell are 

poorly developed or specialized for opening and closing the 

valves. Epitheliomuscular cells in the mesocoel mesothelium 

move the brachidia and tentacles. Brachiopod muscles are 

either smooth or cross-striated. 

Diverticula from the metacoel extend into the mantle lobes 

as mantle channels in the connective tissue between the inner 

and outer mantle epithelia. The coelomic fluid contains 

coelomocytes of several sorts and in the inarticulates, some are 

hemerythrocytes containing hemerythrin. There are no spe- 

cialized gas-exchange surfaces other than the lophophore and 

mantle lobes. Oxygen transport is probably provided by the 

coelomic fluid, for there is a definite circulation of this fluid 

through the mantle channels and oxygen is carried, at least in 

part, by hemerythrin in the coelomocytes of some species. 

Circulation of the coelomic fluid is accomplished by the 

mesothelium, either by contractions of its epitheliomuscular 

cells or beating of its cilia. 

In addition to coelomic spaces and channels, all bra- 

chiopods have a hemal system consisting of a heart, color- 

less blood, and vessels. The muscular, contractile heart is in 

the dorsal mesentery over the stomach and from it extend 

anterior and posterior vessels (Fig. 25-10A). These vessels 

branch to supply various parts of the body, including the gut 

and lophophore. The function of the hemal system is 

uncertain, but the chief role may be delivering nutrients 

to tissues. 

The gut consists of a mouth, pharynx, esophagus, stom- 

ach, digestive ceca, intestine, and sometimes an anus. The 

gut wall has layers of circular and longitudinal muscles and 

the gastrodermis is ciliated throughout. The mouth opens 

into a muscular pharynx that connects with the esophagus. 

The esophagus extends dorsally, then turns posteriorly to 

join the stomach (Fig. 25-10B). Large, highly branched 

digestive ceca surround the stomach and connect with it by 

one to three ducts on each side. Digestion is chiefly intracel- 

lular in the digestive ceca. In some inarticulates, the gut is 

complete and U-shaped and the intestine extends anteriorly 

from the stomach to the rectum, which opens to the outside 

via an anterior anus located between the valves on the right 

side. In others the anus is on the posterior midline. In articu- 

lates, however, the intestine extends ventrally from the 

stomach but ends blindly, and there is no anus (Fig. 25-10B). 

Brachiopods are ammonotelic and most nitrogen excre- 

tion takes place by diffusion across the body surface, 

especially the lophophore and mantle. The metanephridia 

are gonoducts with no obvious role in excretion. Careful 

searching has failed to demonstrate podocytes on any blood 

vessel or the heart. 

A circumesophageal nerve ring with a small, dorsal, 

supraesophageal ganglion and a larger, ventral, subesoph- 

ageal ganglion form the CNS. The supraesophageal ganglion 

is not present in adult inarticulates, resulting in a “brain” 

ventral to the gut, as in kamptozoans. From the ganglia and 

their commissures, nerves textend anteriorly and posteriorly 

to innervate the lophophore, the mantle lobes, and the 

valve muscles. 
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Like that of clams, the mantle margin is probably the most 

important site of sensory reception. The mantle chaetae, 

although not directly associated with sensory neurons, proba- 

bly transmit tactile stimuli to receptors in the adjacent mantle 

epidermis. In some brachiopods, the chaetae are long and 

form a “sensory grille” over the gaping valves. Many bra- 

chiopods exhibit a “shadow response” in which they respond 

to a passing shadow by closing the valves, but obvious photore- 

ceptors have not been found and it is not known what cells are 

responsible or where they are located. Statocysts are present in 

some brachiopods. 

REPRODUCTION AND DEVELOPMENT 
With a few exceptions, brachiopods are gonochoric, but sex- 

ual dimorphism is known in only one species. The gonads, 

usually four in number, with a pair in each valve, are masses 

of developing gametes behind the mesothelium of the 

coelomic mantle channels in articulates (Fig. 25-1 OB) or in 

the gut mesenteries of inarticulates. When ripe, gametes are 

released into the metacoel and discharged to the exterior 

through the metanephridia. Most brachiopods have a pair 

of large metanephridia (Fig. 25-1OA), but some articulates 

have two pairs. Their funnel-like nephrostomes open from 

the metacoel on each side of the posterior end of the stom- 

ach and the tubules then extend anteriorly to empty into 

the mantle cavity through nephridiopores situated posteriorly 

and to each side of the mouth. The metanephridia are gono- 

ducts for the transport of gametes from the metacoel to the 

exterior and in some species are closed until sexual maturity 

is achieved. 

Except for brooding and viviparous species, the eggs are 

shed into the seawater and fertilized at the time of spawning. 

Many articulates brood developing embryos in the mantle cav- 

ity or sometimes ^estate them in the metanephridia. Females 

of the only dimorphic species, Lacazella mediterranea, have a 

hypertrophied ventral valve that serves as a brood pouch. 

Cleavage is radial, holoblastic, nearly equal, and produces a 

coeloblastula that usually undergoes gastrulation by invagina- 

tion, but sometimes by delamination. Development is regula- 

tive. The blastopore closes and the mouth and anus arise anew. 

Coelom formation, which is interpreted as schizocoelous in 

inarticulates and enterocoelous in articulates, produces the 

mesocoel and metacoel. 

The embryo eventually develops into a free-swimming 

juvenile. In inarticulates, the long-lived planktotrophic juve- 

nile resembles a minute brachiopod (Fig. 25-14E). Paired 

mantle lobes and valves enclose the body and the lophophore. 

The ciliated lophophore can be extended outward from the 

mantle cavity and is the juvenile swimming organ. The pedi- 

cle, which in this taxon is derived from the mantle, is coiled 

in the back of the mantle cavity. As additional shell is 

secreted, the juvenile becomes heavier and eventually sinks 

to the bottom. There is no metamorphosis in Lingula and 

development is essentially direct. The pedicle attaches to the 

substratum and the young brachiopod takes up an adult 

existence. 

Development is indirect in articulates, and the lecitho- 

trophic larva experiences a brief planktonic life prior to 

metamorphosis. The larva, which does not resemble the adult, 

has a ciliated anterior lobe that will become the body 

and lophophore, a posterior lobe that forms the pedicle, 

and a middle, skirtlike mantle, the hem of which is directed 

backward (Fig. 25-14A). Four bundles of chaetae, two dorsal 

and two ventral, are present. In Terebratulina, the larva set- 

tles after a short free-swimming existence of approximately 

FIGURE 25-14 Brachiopod larva, juvenile, and larval metamorphosis. A-D, Metamorphosis of an articulate 

larva in lateral view (A), showing reversal of the mantle. E, Pelagic juvenile of Lingula and Glottidia. The ciliated 

tentacles project from the shell as the animal swims. (E, After Yatsu.) 
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24 to 30 h and then undergoes metamorphosis. The mantle 

lobe reverses position to begin secreting the valves and 

the adult structures develop from their larval precursors 

(Fig. 25-14B-D). 

DIVERSITY OF BRACHIOPODA 
lnarticulatac: Possibly not monophyletic. Hinge is simple; 

valves are held together only by muscles and connective 

tissue; no hinge teeth or sockets. Valves are closed by direct 

muscular action, opened by hydrostatic coelomic pressure. 

Valve musculature is complex. Gut is complete, U-shaped, 

includes an anus. No brachidia from the dorsal valve 

support the lophophore. development is direct; larva 

resembles a tiny adult, with a bivalve mantle and body lobe. 

Lingulida0: Burrow in soft sediments. Have hemerythrin as 

respiratory pigment. Most have a chitinophosphate shell; 

the periostracum has chitin. Anus is on the right. Lingula, 

Glottidia. 

Discinida0: Attach to hard surfaces with a short pedicle. 

Discina, Discinisca. 

Craniida0: Pedicle is absent; ventral valve attaches directly to 

the hard substratum. Shell is calcareous; periostracum con- 

tains chitin. Anus is on posterior midline. Crania, Neocrania. 

Articuiatac: Complex hinge with interlocking teeth and 

sockets. Calcite (calcium carbonate) shell. Periostracum 

lacks chitin. Dorsal valve usually has calcareous brachidia to 

support the lophophore. Shell is opened and closed by 

direct action of the adductor and abductor muscles. The 

pedicle, when present, is supported by connective tissue. 

Gut ends blindly; anus is absent. Larva has three body 

regions: body, mantle, and pedicle lobes. Most attach to 

hard substrates but some (such as Chlidonophora) anchor in 

soft sediments with a branching rootlike pedicle. 

Terebratulida0: The most abundant Recent brachiopods. 

Brachidium is a complex loop. Argyrotheca, Calloria, Chli- 

donophora, Gryphus, Gwynia, Lacazella, Liothyrella, Megathyris, 

Neothyris, Pajaudina, Terebratalia, Terebratella, Terebratula, Tere- 

bratulina, Thecidellina. 

Rhynchonellida0: Brachidia are simple, a strongly convex 

shell, and two pairs of metanephridia. Hemithyris, Notosaria. 

BRYOZOAp  
Bryozoa (= Ectoprocta, Polyzoa, “moss animals”), with 

approximately 5000 living species, is the largest, best known, 

and most widespread of the lophophorate taxa (Fig. 25-15, 

25-16). Bryozoans are benthic and colonial, with most species 

living attached to firm substrata, but one genus is solitary and 

a few form motile colonies. The colonies, which do not look 

much like animals, may be large, but each is composed of nu- 

merous tiny zooids that are unmistakably animal-like. Bryozoa 

FIGURE 25-15 Bryozoan diversity. A, The freshwater 
bryozoan Pectinatella magnifica (Phylactolaemata). B-F, marine 
bryozoans (Gymnolaemata). B, The marine bryozoan Crisia 
eburnea (Cyclostomata). C, The stolonate ctenostome 
Bowerbankia maxima. D, The erect ctenostome Zoobotryon 
verticillatum, showing the jointed stolon composed of tubular 
kenozooids. E, Frontal surface of the anascan cheilostome 
Membranipora tuberculata encrusting a leaflet of Sargassum. F, 
Frontal surface of the ascophoran cheilostome Schizoporella 
unicornis encrusting the surface of a rock. 



830 Chapter 25 LophophorataSF 

FIGURE 25-16 Living bryozoan colonies. 
A, Biserially arranged autozooids of the 
erect cheilostome species Bugula neritina. 
B, Autozooids on the surface of a branch 
(kenozooid) of the stolonate ctenostome 
Zoobotryon verticillatum. C, Erect calcified 
colony of Scrupocellaria regularis, an 
ascophoran cheilostome. D, Surface view 
of the encrusting ascophoran Watersipora 
subovoidea, showing one fully expanded 
and one partly expanded polypide. 

is a major animal taxon, but due to the colonies’ inconspicu- 

ous, often plantlike appearance, they go unnoticed by most 

people, who assume them to be seaweeds or mosses. So 

plantlike are some bryozoans that their skeletons are dyed 

green and sold in small vases as “air ferns” to tourists. Most are 

marine, but about 50 species live in fresh water. Because many 

bryozoans have a calcareous exoskeleton, there is an extensive 

fossil record. 

Being less than 1 mm long, zooids might be predicted to 

have neither coelom nor internal transport system, yet they 

have both. The coelom is the space into which the introvert is 

retracted and is also the hydrostatic skeleton necessary for its 

protrusion. The fluid transport system connects otherwise 

isolated zooids and is an interzooidal system permitting com- 

munication and transport among zooids. The zooids, being 

repeating modules, might be compared with the segments of 

an annelid, and the bryozoan colony, not the zooids, should 

be thought of as the individual. 

Traditionally Bryozoa has been divided into three taxa, Phy- 

lactolaemata, Gymnolaemata, and Stenolaernata, but a recent 

reorganization has placed the cyclostome stenolaemates in 

Gymnolaemata, leaving only two extant higher taxa, Phylacto- 

laemata and Gymnolaemata. 

FORM 
Bryozoan colonies are composed of zooids, each about 

0.5 mm in length. Zooids are often polymorphic, but the body 

of a typical, feeding zooid consists of a trunk and an eversible 

introvert, which bears the lophophore (Fig. 25-17). Zooid 

shape varies with taxon and may be boxlike, oval, or tubular 

(Fig. 25-15). The epistome is a small dorsal lobe overhanging 

the mouth of phylactolaemates, but it is absent in gymnolae- 

mates. The mesosome forms an anterior ring around the 

mouth, contains the lophophore coelom (mesocoel), and bears 

the lophophore. Diverticula of the lophophore coelom extend 
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zooid on the left has retracted the 
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right they are extended and in the feeding 
position. (Modified and redrawn after Marcus, 
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Invertebrates. Vol. V. The lesser coelomates. 
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into the tentacles of the lophophore. The much larger trunk 

(metasome) constitutes most of the body and contains the 

spacious metacoel, or trunk coelom (perivisceral coelom). 

Pores penetrate the septum separating the two coeloms. The 

introvert, consisting of the lophophore and part of the trunk, 

can be retracted into the metacoel. The metacoel contains the 

gut and is crossed by muscle fibers and a strand of mesothelial 

tissue, the funiculus, which functions in nutrient transport. 

Heart, excretory organs, and specialized gas-exchange sur- 

faces are absent in these tiny animals. 

In most regions the body wall is very thin and consists 

of epidermis, basal lamina, connective tissue, muscles, and 

the coelomic mesothelium. The epidermis of the metasome 

secretes a protective exoskeletal zooecium, which may be 

organic (chitin, polysaccharide, or protein) or mineral (cal- 

cium carbonate). The zooecium (= animal house), also known 

as the cuticle, exoskeleton, or ectocyst, encloses and protects 

the zooid (Fig. 25-17) and has an orifice through which the 

introvert and lophophore can be extended. If it is calcareous, 

the zooecium is rigid, but an organic zooecium may be flexi- 

ble or rigid. Areas of the body with a flexible zooecium may 

have body-wall muscles arranged in outer circular and inner 

longitudinal layers. Muscle layers are absent where the body 

wall underlies a rigid zooecium. The basement membrane, 

which may be thin or thick, consists of irregularly arranged 

collagen fibrils. The living portion of the body wall, including 

the epidermis, basement membrane, muscles, and mesothe- 

lium, is sometimes called the endocyst. Ectocyst and endocyst 

together form the cystid. 

The remainder of the zooid consists of the lophophore, 

introvert, gut, gonad, funiculus, specialized muscles, and 

splanchnic mesothelium, known collectively as the poly- 

pide. The lophophore encircles the mouth and bears 

hollow, ciliated tentacles (Fig. 25-17). In phylactolaemates 

it is horseshoe-shaped (Fig. 25-18A), but in the gymnolae- 

mates it is a simple circle (Fig. 25-24) of 8 to 30 tenta- 

cles. When they are retracted, the tentacles are bunched 

together, but when protruded they fan out, forming a 

bell-shaped funnel with the mouth at its narrow end (Fig. 

25-17). 

The multiciliated epidermal cells of the lophophoral tenta- 

cles bear frontal and lateral cilia that form an upstream sus- 

pension-feeding collecting system, as in other lophophorates. 

Below the epidermis of each tentacle are a longitudinal nerve, 

a basal lamina, and a mesothelium enclosing the mesocoel. 

Some of the mesothelial cells form a longitudinal muscle tract 

on the frontal edge of the tentacle. 

The lophophore is carried on a necklike introvert (tentacle 

sheath) that can be extended or retracted through the orifice 

of the zooecium. When extended (Fig. 25-17, right), the intro- 

vert is held erect above the body and the conical lophophore 

is deployed in the feeding position. Retractor muscles pull the 

introvert and lophophore back into the body (Fig. 25-17, 

left). In many marine bryozoans, the orifice has a hinged lid, 

or operculum, that is closed by an occlusor muscle after the 

lophophore is withdrawn (Fig. 25-24D-G). 

The mouth is at the center of the lophophore and the anus 

is on the dorsal surface of the introvert outside the lophophore. 
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FIGURE 25-18 Phylactolaemate (freshwater) bryozoans. A, Small colony of Lophopus crystallinus attached to 

a water plant. B, Organization of Plumatella fungosa, shown in parasagittal section. One of the two ducts 

linking the metacoel and mesocoel is shown. (A, After Allman; B, Modified and redrawn from Brien, P. 1960. Sous- 

Classe des Phylactolemes ou Phylactolemages. In Grasse, P-P (Ed.): Traite de Zoologie. Vol. 5. No. 2. Masson et Cie, Paris. 

Reprinted with permission.) 

The alternative name Ectoprocta (meaning “outside anus”) 

refers to that position. 

Zooids of the freshwater Phylactolaemata differ from 

gymnolaemates in many ways. The phylactolaemate body wall 

contains circular and longitudinal muscle layers and the epi- 

dermis is covered by a flexible cuticle that, in Pectinatella, for 

example, is a thick, gelatinous layer, although in some it is 

a thin protein and chitin tube. The lophophore of freshwater 

phylactolaemates (with the exception of Fredericella, which has 

a circular lophophore) is horseshoe-shaped, bears 16 to 106 

tentacles, and arches dorsally around the mouth (Fig. 25-18). 

The horseshoe shape provides a greater food-collecting sur- 

face for these zooids, which tend to be larger than the marine 

gymnolaemates. 

The phylactolaemate body consists of an epistome, meso- 

some, and metasome. The epistome, a dorsal hollow lobe 

overhanging the mouth, is absent in gymnolaemates. The epi- 

stome contains a cavity that was once thought to be a protocoel 

but, since it is connected with the lophophore coelom, proba- 

bly is not (Fig. 25-17, 25-18B). The epistome is responsible for 

the name “Phylactolaemata,” which means “covered throat.” 

“Gymnolaemata” means “naked throat.” 

COLONY FORMS 
Almost without exception, bryozoans are colonial, or modular, 

with the colony consisting of physically and physiologically 

integrated zooids. The form of a bryozoan colony, or zoarium, 
depends on the pattern of asexual budding of the zooids, the 

degree of polymorphism, the arrangement of the polymorphs 

within the colony, and the type and amount of secreted skeletal 

material. In addition to the support provided by the substratum 

on which the colony grows, there are three sources of skeletal 

support in bryozoan colonies. These are the turgor pres- 

sure of the coelomic fluid (approximately two atmospheres in 

Zoobotryon), calcification (in most bryozoans), and the produc- 

tion of a chitinous, gelatinous (as in Pectinatella) or rubbery (as 

in Alcyonidium) extracellular material. 

Gymnolaemates exhibit a wide range of colonial forms, 

including stolonate, fruticose, encrusting, and foliaceous. 

Members of such genera as Bowerbankia, Amathia, and 

Zoobotryon form stolonate colonies that resemble hydroids 

(Fig. 25-15C, D, 25-16B). The feeding zooids arise from a 

stemlike creeping or erect stolon. The stolons, which have a 

jointed appearance, are composed of a linear series of spe- 

cialized tubular zooids. Unspecialized feeding zooids are 

often well separated from one another but attached by their 

posterior ends to the common stolon. The exoskeleton of 

stolonate bryozoans usually lacks calcium carbonate, but may 

be chitinous. 

The vast majority of marine bryozoans are not stolonate, 

with the colony consisting instead of adjacent, fused feeding 

zooids. The growth patterns of nonstolonate bryozoan colonies 

vary greatly. The orientation of the body to the substratum is 

different from that of stolonate species: The dorsal surface is 

attached to the substratum, or to other zooids, and the ventral 

surface, now called the frontal surface, is exposed to the 

overlying water (Fig. 25-15E,F, 25-24D-G). 
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Many slightly calcified species, such as the common 

Atlantic Bugula neritina, form erect, fruticose (bushy) colonies 

that resemble seaweeds. In Bugula, the fruticose form is char- 

acteristically attained through a biserial attachment of zooids 

(Figs. 25-16A, 25-21A), in which the staggered zooecia of side- 

by-side zooids form erect and branching stems. 

The most common type of colony is the encrusting form, in 

which side-by-side and end-to-end zooids are united in a two- 

dimensional crust, or sheet, one zooid thick, that is attached to 

rocks, seaweeds, and shells. The exoskeleton is usually calcare- 

ous and, because the lateral and end walls of the zooids are 

fused to those of other zooids, the orifice is located on the 

exposed upper frontal surface. Membranipora, Microporella, and 

Schizoporella are common encrusting genera (Fig. 25-15E,F, 

25-16D, 25-19A). 

Erect foliaceous colonies are composed of a single sheet of 

zooids or two sheets attached back-to-back that rise leaflike 

above the substratum. The cheilostome Thalamoporella resembles 

an open head of lettuce, each “leaf’ of which is composed of 

a double sheet of calcareous zooids and is as rigid and fragile 

as a potato chip. Other colonies are tuftlike and in some, the 

zooids are radially arranged. 

FIGURE 25-19 Bryozoans living on or in sand. A, A smali colony of Membranipora triangularis encrusts a 
single grain of sand. Such colonies can spread from grain to grain by asexual division. Although not a common 
habitat for bryozoans, the surface of sand grains is exploited by at least 35 species. B, A domed colony of 
Cupuladria doma from an offshore sand bottom near Ft. Pierce, Florida. The slender vibracula enable the species 
to remove sand from its surface and to move over and through the sand. 

FIGURE 25-20 Bryozoan locomotion. Although of rare occurrence, a few species of bryozoans can move over 
or through the substratum. Selenaria maculata is a small, discoid colony that moves over sand using its marginal 
vibracula as stepping appendages. As the leglike vibracula move, the colony lurches ahead in 3 mm long 
increments. B, Monobryozoon ambulans is a tiny interstitial zooid that uses contractile processes bearing sticky 
tips to anchor and pull itself through the spaces between sand grains. New buds typically form on the processes, 
which are sometimes called pseudostolons. C, A colony of the phylactolaemate Cristatella mucedo creeps on its 
flattened lower surface. The creeping mechanism is unknown, but muscles are thought to be involved. (A, 
Drawn from photographs and description of Cook, P. L., and Chimonides, P. J. 1978. Observations on living colonies of 
Selenaria (Bryozoa, Cheilostomata). I. Cah. Biol. Mar. 19:147-158; B, Modified from Swedmark, B. 1964. The interstitial 
fauna of marine sand. Biol. Rev. 39:1-42. C, After Wesenburg-Lund, 1896, from Hyman, L. H. 1959. The Invertebrates. 
Vol. V. The lesser coelomates. McGraw-Hill Book Co., New York. Reprinted with permission.) 
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The colonies of freshwater phylactolaemates are of two 

types. In forms such as Lophopus, Cristatella, and Pectinatellci, 

the zooids project from one side of a soft, globular, saclike 

zooecium and resemble the fingers of a glove (Fig. 25-18A). 

Colonies of Pectinatella secrete a thick, gelatinous matrix up to 

a meter in diameter, to which the zooids adhere. The other 

type of colony, exemplified by Plumatella, Fredericella, and 

Stolella, has a more or less stolonate, plantlike growth form, 

with either erect or creeping branches composed of a suc- 

cession of zooids. Freshwater bryozoan colonies are attached 

to vegetation, submerged wood, rocks, and other objects. 

Cristatella, in which the colony is a flattened gelatinous ribbon, 

is not fixed and creeps over the substratum at a rate of up to 

10 cm a day (Fig. 25-20C). Small colonies of Pectinatella magnifica 

and Lophopus crystallinus can also move, but only about 2 cm 

per day. The locomotory mechanism is not known. 

Although the zooids are microscopic, the colonies them- 

selves are typically one to several centimeters in diameter 

or height and may be much larger. Some stolonate species 

reach a meter or more in size, and some encrusting colonies 

may attain a diameter of more than 50 cm and contain as many 

as 2,000,000 zooids. Most colonies are white or pale tints, but 

darker colors, especially orange, also occur. The taxonomy of 

marine bryozoans is based almost exclusively on the structure 

of the exoskeleton and colonial organization. 

ZOOID POLYMORPHISM 
Although phylactolaemate colonies are strictly monomorphic 

and those of cyclostomes are almost so, eurystomes (especially 

cheilostomes) are polymorphic. In polymorphic colonies, the 

typical feeding zooids, or autozooids, make up the bulk of the 

colony. Modified, nonfeeding zooids specialized to serve a 

variety of other functions are known collectively as heterozooids. 

Heterozooids typically have a reduced or absent polypide and 

consist chiefly of the cystid. 

Kenozooids are heterozooids modified to serve as stolons, 

attachment discs, rootlike holdfasts, and defensive spines. In 

Membranipora, for example, spines protecting the vulnerable 

frontal membrane are produced in response to kairomones 
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FIGURE 25-21 Bryozoan 
heterozooids. A, Bird's head 
avicularia of the anascan 
cheilostome Bugula futva. Open 
arrows show avicularium 
movement; solid arrow, movement 
of the jaw (operculum). The 
lophophores of the autozooids are 
retracted. B, Simplified anatomy of 
a bird's head avicularium. Compare 
with Figure 19-12D,E. C, Part, of a 
colony of Heliodoma, showing 
marginal vibracula. D, Anatomy of a 
vibraculum. (A, Modified and redrawn 

from Maturo, F.J. S.,Jr. 1966. Bryozoa 

of the southeast coast of the United 

States: Bugulidae and Beaniidae 

(Cheilostomata:Anasca). Bull. Mar. Sci. 

16:556-583; B, Modified and redraivn 

after Calvet from Brien, P. 1960. Classe 

des Bryozoaires. In Grasse, P.-P. (Ed.): 

Traite de Zoologie. Vol. 5. Part 2. 

Masson et Cie, Paris; C, From Moore, 

R C. 1953. Treatise on Invertebrate 

Paleontology. Geological Society of 

America and University of Kansas Press, 

Lawrence; D, Based on Ryland, 1970.) 
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(chemicals) released by predatory nudibranchs. In the absence 

of the predator, these heterozooids do not develop. The 

stolons of stolonate bryozoans, such as Bowerbankia and 

Zoobotryon, are a succession of cylindrical kenozooids (Fig. 

25-15C,D). Kenozooids consist of little more than the body wall 

and strands of funicular tissue passing through the interior. 

Two types of defensive heterozooids, avicularia and vibrac- 

ula, are found in many cheilostomes. An avicularium is usually 

smaller than an autozooid and its polypide is greatly reduced 

(Fig. 25-21A,B). The operculum is highly modified to serve as a 

movable lower jaw, and its occlusor muscle has become a 

mandibular adductor for closing the jaw, which it can snap shut 

like a mousetrap. It is abducted (opened) indirectly by contrac- 

tion of opener muscles on the frontal membrane. These cause 

the reduced polypide to bulge‘outward and push the jaw open. 

Avicularia may be sessile or stalked. When stalked, they make 

repetitive nodding motions. Stalked avicularia are found in most 

Bugula species (but not in the common Bugula neritina) and 

resemble diminutive bird heads attached to the colony. Avicu- 

laria typically defend the colony against small organisms, includ- 

ing the setding larvae of other animals. The avicularia of Bugula, 

however, appear to be more important in defending against 

larger crawling animals (0.5 to 4 mm), such as tube-building 

amphipods and polychaetes, whose appendages are seized by 

the jaws of the avicularium. The sessile avicularia of Reptadeonella 

costulata can immobilize and strangle syllid polychaetes. 

The operculum of a vibraculum is modified to form a long 

movable bristle with muscles that can move it in more than one 

plane (Fig. 25-21D). A combination of muscles inserting on the 

base of the seta is used to sweep it in an arc over the surface of 

the colony. The vibraculum is used by the sand-dwelling Disco- 

porella, Cupuladria, and Diplosolen to sweep particles away from 

the surface of the colony (Fig. 25-22). Vibracula are also used 

for locomotion in these motile colonies. Their combined flick- 

ing movements propel the colony vertically through the sand 

and even horizontally over the surface (Fig. 25-21C, 25-19B). 

FIGURE 25-22 Cydostome bryozoans. A, Diagram of a colony of Crisia. B, Diagram of one zooid of Crisia. 

C, Five autozooids and four heterozooids of Diplosolen. The sweeping motion of the single tentacle of the 

heterozooid is believed to keep the surface of the colony clean. (A and B, From, Nielsen, C., and Pedersen, K.J. 1979. 

Cystid structure and profusion of the polypide in Crisia (Bryozoa, Cyclostomata). Acta Zool. 60:65-88; C, From Silen, L., and 

Harmelin, J.-G. 1974. Observations on livingDiasloporida, with special regard to polymorphism. Acta Zool. 55:81-96.) 
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Species of the discoid Selenaria move efficiently over sand by 

coordinating the movements of its marginal vibracula (Fig. 

25-20A). Heterozooids modified to function as reproductive 

ovicells are common and will be discussed later. 

INTERZOOIDAL PORES 
Adjacent zooids of a colony are connected by interzooidal 
pores passing though the intervening body walls (Fig. 25-17, 

25-22B). Interzooidal communication and transport are ac- 

complished through these pores, but by different mechanisms 

in different taxa. In phylactolaemates and cyclostome gymno- 

laemates the pores are open and fluid flows freely through 

them, but in eurystomes the pores are plugged with cells and 

the flow is regulated. 

In phylactolaemates, the epidermis and mesothelium of 

adjacent zooids are continuous through the open pores (Fig. 

25-23C). Consequently, coelomic fluid passes freely through 

the pores of adjacent zooids. 

In cyclostomes, too, the pores are open, but the mesothe- 

lium has pulled away from the epidermis and does not pass 

through the pores, which thus are lined only with epidermis. 

Consequently, adjacent coeloms are not in communication 

(Fig. 25-23D) and coelomic fluid cannot flow through the 

pores. The coelom is reduced in size and enclosed by the 

mesothelium, which forms a membranous sac (Fig. 25-22B). 

Because the mesothelium is not adjacent to the epidermis, 

there is a large, fluid-filled connective-tissue compartment, or 

hemocoel, between them (Fig. 25-22B). As a result, the 

interzooidal pores connect the hemocoels, not the coeloms, of 

FIGURE 25-23 Bryozoa: internal transport and polypide regression. A, Circulation of coelomic fluid using cilia 

in the phylactolaemate Pectinatella. B, Photograph of the main funiculus and its branches in a kenozooid (stolon 

zooid) of the ctenostome Zoobotryon verticillatum. The bases of a few attached autozooids can be seen at the 

top of the photograph. C-E, Communication pores between two zooids of a: phylactolaemate (C), cyclostome 

(D), and eurystome (E). F, Polypide regression (I) and brown body formation and expulsion (II-V) in the anascan 

cheilostome Electra pilosa. (A, After Oka, 1891, from Hyman, L. H. 1959. The Invertebrates. Vol. V. The lesser coelomates. 

McGraw-Hill Book Co., New York; C—E, Modified and redraiun from Mackie, G. O. 1986. From aggregates to integrates: 

Physiological aspects of modularity in colonial animals. Phil. Trans. R. Soc. Fond. B 313:175-196; F, Redrawn and 

rearranged after Marcus from Brien, P. 1960. Classe des Bryozaires. In Grasse, P.-P. (Ed.): Traite de Zoologie. Vol. 5. Part 2. 

Masson et Cie, Paris. Reprinted with permission.) 
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adjacent zooids and it is blood (hemolymph), not coelomic 

fluid, that flows through them. 

In eurystomes the interzooidal pores are closed by a plug 

of rosette cells that regulate the flow of materials, and neither 

coelomic fluid nor blood passes freely through the pores. 

Instead, branches of the funiculus extend to the interzooidal 

pores (Fig. 25-23E). Organic materials are transported from 

the funiculus of one zooid through the rosette cell cytoplasm 

to the funiculus of the zooid on the opposite side. All zooids 

in a colony are connected by the funicular system, making it 

possible for nonfeeding zooids to be nourished by those with 

direct access to food. 

FUNICULAR SYSTEM 
A fluid-filled, tubular funicular system is found in the 

coelom of all bryozoans (Fig. 25-17, 25-23B). Its mesothelial 

wall surrounds a connective-tissue space filled with fluid, pre- 

sumably blood. It always connects the mesothelium of the 

gut with that of the body wall, and in some taxa other struc- 

tures are also included. The testis forms on the funiculus, 

and if a uterine chamber or placenta is present, it too is 

always served by a funiculus. In phylactolaemates the over- 

wintering statoblasts form on the funiculus. Because it con- 

nects the source of nutritive materials (the gut) with tissues 

having a demand for those materials, it is believed to be a 

transport system for food, but the mechanism of blood flow 

has not been determined. 

In eurystomes (ctenostomes and cheilostomes) the funiculus 

is associated with internal organs, as described above, but it also 

extends to the interzooidal pores and rosette cells and transports 

materials to and from contiguous zooids. It thus functions in 

both inter- and intrazooidal transport. In phylactolaemates and 

cyclostomes the funiculus is not associated with these pores and 

probably has a purely intrazooidal transport role. 

MUSCULATURE 
Bryozoan musculature consists chiefly of a pair of lophophore 

retractor muscles that are present in all bryozoans, circular and 

longitudinal layers found in the body wall of phylactolaemates 

and cyclostomes, parietal muscles in eurystomes, and opercular 

occlusor muscles in cheilostomes. These muscles may all be 

involved, directly or indirectly, in extension and retraction of 

the lophophore and operation of the operculum or its deriva- 

tives. Both smooth and striated muscles are present. 

Lophophore Protraction 
Preparatory to feeding, the introvert and lophophore are 

extended (protruded) outward through the orifice (Fig. 25-17). 

The tentacles then expand, forming a bell-shaped funnel, and 

feeding commences. Lophophore protrusion is accomplished 

in all bryozoans by muscular elevation of coelomic hydrostatic 

pressure, although the mechanism by which this is accom- 

plished varies. 

In phylactolaemates, which have a flexible cystid, coelomic 

fluid pressure is elevated by contracting the circular body- 

wall musculature, which compresses the coelom and extends 

the introvert. The mechanism of introvert protrusion in cyclo- 

stomes, such as Crisia, depends on the contraction of circular 

body-wall muscles, as in the phylactolaemates. Unlike the fresh- 

water bryozoans, however, the cyclostome cuticle is calcified and 

rigid and the entire body cannot be compressed to accomplish 

protrusion. Instead, the body-wall muscles are located in the 

membranous sac that, along with the coelom it encloses, is 

widely separated from the rigid cystid by the hemocoel. Con- 

traction of circular muscles of the membranous sac pressurizes 

the coelom and extends the lophophore (Fig. 25-22A,B). 

In eurystomes with a flexible, chitinous zooecium (Bower- 

bankia, Amathia), contraction of circular parietal muscles 

compresses the body and elevates the coelomic pressure to 

protract the lophophore (Fig. 25-17, 25-24A-C). 

In some calcareous eurystomes with a rigid zooecium 

(anascan cheilostomes, such as Membranipora) and some 

species with a rigid chitinous exoskeleton, the otherwise rigid 

frontal wall includes a thin, flexible, chitinous frontal mem- 

brane (Fig. 25-24D,E, 25-15E). When parietal muscles that 

insert on the inner side of the membrane are contracted, the 

frontal membrane bows inward, increasing the coelomic pres- 

sure and ejecting the lophophore. 

An uncalcified frontal membrane, however, is vulnerable 

to attack by predators and many calcareous eurystomes 

(Ascophora) protect the frontal surface by calcifying it. In 

these species, the flexible pressure-regulating membrane is 

internalized in the form of a sac called an ascus, which opens 

to the exterior via one or two tiny pores. The parietal muscles 

attach to the ascus and upon contraction increase its volume, 

causing water to enter through the pore. As the volume of 

the ascus increases, the coelomic fluid pressure is raised and 

the lophophore protrudes (Fig. 25-24F,G). 

Lophophore Retraction 
Retraction of the lophophore and introvert is more straight- 

forward and in all bryozoans is accomplished directly by 

the contraction of the two lophophoral retractor muscles 

(Fig. 25-17, 25-24A,D). These bundles of individual muscle 

fibers extend from the cystid to the lophophore or anterior 

gut. Retraction is rapid, often requiring less than 60 msec to 

complete. Re-extension is slower, and may be hesitant. Zooids 

may partly extend the tightly bundled tentacles and test the 

water with sensory cilia at their tips before fully deploying 

the lophophore. In cheilostomes the operculum closes fol- 

lowing retraction of the lophophore. It is pushed open again 

by the extending lophophore. 

NUTRITION 
Capture 
Most bryozoans are thought to be suspension feeders chiefly 

utilizing small phytoplankton. When the lophophore is pro- 

truded, the lateral cilia on its tentacles create a current that 

sweeps downward into the open end of the funnel and then 

passes outward between the tentacles (Fig. 25-25A). Small par- 

ticles are drawn into the funnel with the water current, 

trapped on the tentacles, and delivered to the mouth by 

frontal cilia on the inner surface of each tentacle. 

The mechanism by which small food particles are separated 

from the water is not fully understood, but two hypotheses 

have been advanced. The ciliary reversal hypothesis suggests 
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Atrium 

Calcified frontal wall 

FIGURE 25-24 Bryozoa: polypide protrusion in 
gymnolaemate bryozoans. A-C, Contraction of parietal 
muscles in ctenostomes compresses the body to elevate the 
coelomic pressure, protruding the polypide. The collar in 
many ctenostomes (C) is pleated longitudinally, and each 
pleat resembles a tooth on a comb. The name ctenostome, 

meaning comb mouth, is a reference to this feature. D and E, 
Although the cystid wall is largely calcified in the anascan 
cheilostomes such as Membranipora, one surface, the frontal 
membrane, remains uncalcified and flexible. Contraction of 
the parietal muscles bows the frontal membrane inward (E), 
which elevates the coelomic pressure and protrudes the 
polypide. F and G, In the ascophoran cheilostomes, the 
frontal wall is calcified and the flexible surface is internalized 
as a sac, or ascus. The action of the parietal muscles is to bow 
one wall of the ascus inward (G), which elevates the coelomic 
pressure and extends the polypide. Water enters the ascus via 
the surface pore during polypide protrusion. In the 
cribrimorph cheilostomes (not illustrated) the frontal wall is 
membranous but protected by an overarching canopy of 
partially fused spines. Parietal muscles operate the frontal 
membrane, as they do in anascans, but the otherwise 
vulnerable membrane is protected by a calcified plate, 
as it is in ascophorans. 

that when particles touch the lateral cilia they cause a local 

reversal of beat, which kicks the particle back onto the 

upstream, frontal side of the tentacle for transport to the 

mouth by the frontal cilia. The impingement hypothesis, on 

the other hand, proposes that the momentum of particles 

entering the funnel causes them to continue straight into the 

mouth when the water current bends sharply to exit between 

the tentacles. Regardless of the process that separates particles 

from the water, the feeding mechanism is an upstream ciliary 

collecting system. Particle rejection may be accomplished by 

closing the mouth, tentacle flicking, funnel closure, or simply 

being passed between the tentacles (Fig. 25-25E). 

Many species scan for particles by rotating or bending 

the lophophore (Fig. 25-26). Multiple, adjacent, similarly ori- 

ented, expanded funnels may form an extensive filtering 

array. In encrusting species, the large volume of water passing 

through and then below the filters exits the colony through 

“chimneys,” which are open, lophophoreless areas. Chimneys 

form either where lophophores tilt away from each other or 

in the spaces created by nonfeeding heterozooids. 

Bryozoans also employ accessory feeding mechanisms. 

They absorb dissolved organic molecules across the microvil- 

lous tentacle epidermis. In tentacular flicking, which is exhib- 

ited by all bryozoans, an individual particle is batted toward 

the mouth with a rapid, inward flick of a tentacle (Fig. 25-25B, 

25-26). Some bryozoans are part-time predators exploiting 

zooplankters that stray into the lophophore. Bugula neritina 

captures zooplankton by closing the tips of its tentacles to 

form a cage around the prey. 

Digestion 
The mouth at the apex of the lophophore opens into a muscu- 

lar, sucking pharynx, which leads to the tubular esophagus (Fig. 

25-17). Most of the U-shaped gut is the large, three-part stom- 

ach consisting of the cardia, cecum, and pylorus. The esopha- 

gus joins the anterior cardia at a sphincter valve. A second 

sphincter separates the posterior pylorus from the intestine and 

rectum. The large pouch-like cecum projects backward from 

the central part of the stomach. In some bryozoans, such as 

Bowerbankia and Amathia, the cardia is a muscular gizzard that 

crushes diatoms, exposing their contents to digestive enzymes 

(Fig. 25-25D). The gizzard has a well-developed circular muscle 

layer and its gastrodermis bears chitinous chaetae similar to 

those of annelids and brachiopods. 

Captured food particles accumulate in a bolus beneath 

the epistome in phylactolaemates and within the expanded 

mouth of gymnolaemates. When the bolus reaches a critical 
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FIGURE 25-25 Bryozoa. Digestive system and feeding in gymnolaemates (based on Zoohotryon). A, Water 
currents (open arrows) and digestive system. B-D, Water currents (open arrows) bring in food particles (B), which 
are either batted toward the mouth by a tentacular flick (large solid arrow, dashed arrow) or caught on the 
tentacle surface and moved toward the mouth by frontal cilia (small arrows). The collected particles accumulate 
in the ciliated buccal cavity (B) and are engulfed by a rapid dilation of the muscular pharynx (C). The food 
particles move rapidly down the esophagus and pass through the muscular gizzard, which crushes diatoms, 
before entering the cecum (D). Once in the cecum, the food is rotated by cilia and digested; indigestible material 
is compacted into fecal pellets in the intestine (D). Rejected particles may pass between the tentacles and be 
carried away in the exhaust, but sometimes the tentacles bunch together rapidly and particles are rejected as 
shown in E. 

size, the pharynx dilates rapidly and sucks it in. Subsequent 

contraction of the pharynx pushes the bolus into the 

stomach (Fig. 25-25B,C). 

Digestion is both extracellular and intracellular within 

the stomach, chiefly in the cecum. Peristaltic contractions 

move food through the stomach, but ciliary activity in 

the pylorus rotates and compacts waste materials, which 

then pass into the intestine (Fig. 25-25D) and ultimately out 

the anus. 

GAS EXCHANGE, INTERNAL 
TRANSPORT, NERVOUS SYSTEM 
Gas exchange occurs across the exposed body surface, espe- 

cially the lophophore. Intrazooidal transport of gases, some 

food, and wastes is provided by the coelomic fluid. Ciliary 

circulation of coelomic fluid is known only in the relatively 

large (2 to 4 mm) zooids of some phylactolaemates (Paludi- 

cella, Pectinatella; Fig. 25-23A). The coelomic fluid contains 

coelomocytes (but no respiratory pigments), which engulf 

and store waste materials. In cyclostomes, it is likely that 

both coelomic and hemocoelic fluids are involved in trans- 

port (Fig. 25-23D). The funicular system provides for at least 

some nutrient transport and is the main system for the 

colonywide dispersal of metabolites in ctenostomes and 

cheilostomes (Fig. 25-23B,E). There is no heart or typical 

blood vessels. 

The nervous system consists of a nerve ring around the 

pharynx with a ganglionic mass (the brain) on its dorsal side 

(Fig. 25-17). The ganglion and ring give rise to nerves that 

extend into each of the tentacles and to other parts of the 

body. There are no specialized sense organs in bryozoans, but 

individual sensory cilia occur on the tentacles. The growth of 

the branches of Bugula is positively phototropic, so there must 

be a photoreceptive capability. 

Electrophysiological studies confirm that conduction of 

nerve impulses occurs in colonies of some nonstolonate bryo- 

zoans such as Plectra and Membranipora. Nerves that encircle the 

zooid wall enter the interzooidal pores and make connections 

with similar nerves in adjacent zooids. This colonial nervous 

system coordinates lophophore feeding activity, retraction, and 

orientation within the colony. 
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FIGURE 25-26 Bryozoa: living zooids of the ctenostome Zoobotryon 

verticillatum. The two fully extended zooids are actively orienting their 

lophophores while feeding. The right zooid is using a tentacle flick to bat 

a food particle (not visible) toward the mouth. Several retracted 

autozooids as well as new autozooid buds are visible in the photograph. 

All of the autozooids have arisen from and are attached to a large 

horizontal kenozooid (stolon segment) at the bottom of the photograph. 

EXCRETION 
Nephridia are not present in bryozoans and ammonia presum- 

ably diffuses across the body and lophophore surface. Other 

wastes, such as uric acid, may be stored temporarily or indeh- 

nately in body tissues. 

Polypide regression and brown-body formation is proba- 

bly a type of storage excretion (Fig. 25-23F) and is character- 

istic of bryozoans. Regardless of the age of a colony, the 

polypide (lophophore and gut) of each zooid regresses 

(degenerates) after a few weeks, leaving the cystid (zooecium 

and body wall) unaffected. Some polypide components are 

phagocytosed and their molecules reused, but a large resid- 

ual mass of necrotic cells containing accumulated waste 

products remains lodged in the coelom as a conspicuous 

dark sphere called a brown body. Regression is followed by 

the regeneration of a new polypide from the tissues of the 

cystid. In some species, the brown body remains permanently 

in the coelom, whereas in others it is incorporated in the 

stomach of the new polypide and expelled at the first defeca- 

tion (Fig. 25-23F). 

REPRODUCTION AND DEVELOPMENT 
All freshwater and most marine bryozoans are hermaphro- 

ditic. The one or two ovaries and the one to many testes are 

bulging masses of developing gametes covered by mesothe- 

lium (retromesothelial). The ovaries are located in the distal 

end of the zooid whereas the testes occur on the funiculus 

in the basal end (Fig. 25-17). Gametes rupture from the 

gonads into the metacoel, but conventional gonoducts for 

their exit are absent. Simultaneous production of eggs and 

sperm may take place in some, but a tendency toward 

protandry is more common and self-fertilization is probably 

rare. A colony piay thus be composed of functionally male 

and female zooids in different stages of protandry. Fertiliza- 

tion between zooids of the same colony is probably common, 

but sufficient cross-fertilization between colonies occurs to 

ensure outbreeding. 

Fertilization 
Sperm must exit the coelom and travel to another zooid to 

achieve fertilization. Eggs, on the other hand, may either 

remain in the coelom, where they are fertilized internally 

(in which case sperm must enter the coelom), or be released 

from the coelom to be fertilized externally. 

To exit the coelom, eggs move along a ciliated groove in 

the mesothelium leading to an opening, the coelomopore, 

between the bases of the two dorsalmost tentacles (Fig. 

25-27A,B). The coelomopore may be a simple opening or it 

may be at the apex of a projection called the intertentacular 

organ. Note that the position of the coelomopore is similar to 

that of the nephridiopores of phoronids, suggesting that it 

may be the vestige of a metanephridium. 

In all species that have been studied (such as Electra, Mem- 

branipora, Schizoporella, Bugula, and others), sperm are shed 

from the coelom though terminal pores at the tips of two or 

more lophophoral tentacles (Fig. 25-27A). The liberated 

sperm, when caught in the feeding currents of other individu- 

als, adhere to the tentacles (for external fertilization) or enter 

the intertentacular organ (for internal fertilization). Eggs may 

be fertilized externally as they leave the coelomopore or inter- 

nally in the intertentacular organ (as occurs in Electra and 

Membranipora; Fig. 25-27B) or coelom. 

Development 
Cleavage is radial or biradial (Fig. 25-28), holoblastic, equal 

or subequal, regulative, and results in a coeloblastula. Bira- 

dial cleavage is a form of radial cleavage in which the early 

embryo is bilaterally, rather than radially, symmetrical, al- 

though the blastomeres are aligned more or less on top of 

each other as they are in radial cleavage. Early cleavages first 

produce two layers of cells (Fig. 25-28B), one on top of the 

other, with the upper being the animal plate and the lower 

the vegetal. A small blastocoel lies between the two layers. 

Gastrulation occurs when four central, presumptive mes- 

endodermal blastomeres in the vegetal plate divide and con- 

tribute four daughter blastomeres to the blastocoel. These 

four daughter cells divide to fill the blastocoel and eventu- 

ally give rise to endoderm and mesoderm. The method of 

coelom formation is unclear. The blastopore closes and the 

mouth develops from a new opening. 

Brooding and Gestation 
The vast majority of bryozoans retain their eggs, which are 

almost always large, yolky, and few in number, and development 

may take place internally or externally. In the few viviparous 

species gestation occurs in the coelom, where the gut and 

lophophore may degenerate to provide the necessary space. 

Most, however, brood in a variety of external brood chambers. 
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FIGURE 25-27 Bryozoan 
reproduction: sperm release and egg 
brooding in bryozoans. A and B, Dorsal 
view of the lophophore of Electra 
posidoniae. A, Sperm release and 
entry of egg into the intertentacular 
organ. B, Sperm entry and fertilization. 
C, Autozooid and nearby ovicell 
containing a developing embryo in 
Bugula neritina. D, Bugula avicularia, 
showing extrusion of an egg from the 
coelomopore of an autozooid into the 
ovicell (above) and an egg positioned 
within an ovicell (below). (A and B, 

Modified and redrawn from Silen, L. 1966. 

On the fertilization problem in the 

gymnolaematous bryozoa. Ophelia 3:113- 

140; D, Modified and redrawn from Brien, 

P. 1960. Classe des Bryozaires. In Grasse, 

P.-P. (Ed.): Traite de Zoologie. Vol. 5. Part 2. 

Masson et Cie, Paris. Reprinted with 

permission.) 

The cavity of the introvert, invaginations of the distal wall, or 

special heterozooids known as ovicells are typical sites for brood- 

ing. Zygotes or embryos exit the coelom via the coelomopore 

and enter the brood chamber. In species with ovicells, the 

malleable egg deforms and oozes through the coelomopore 

before resuming its characteristic spherical shape within the 

ovicell (Fig. 25-27D). 

Ovicells are characteristic of many cheilostomes, such as 

Bugula (Fig. 25-27C,D). The cystid at the distal end of the 

maternal zooid grows outward to form a large hood, which is 

the ovicell. A second, smaller evagination that arises from the 

maternal coelom bulges into the space formed by the ovicell. 

A single egg is released from the coelomopore and brooded in 

the ovicell. The developing embryo may derive its nutrition 

entirely from yolk, but in many species, including Bugula, 

placental connections from the funiculus of the maternal 

zooid to the ovicell provide food to the embryo. 

Cyclostomes also brood their larvae and are unusual in 

exhibiting polyembryony, in which the original embryo asexu- 

ally produces numerous secondary embryos, which may in 

turn produce tertiary embryos, all of which are genetically 

identical (clones) and capable of founding a new colony. 

FIGURE 25-28 Bryozoan development: biradial cleavage in the gymnolaemate Schizoporella erata. Animal 
pole views. A, Eight-cell embryo. The four blastomeres of the vegetal hemisphere are not visible, but lie directly 
under the four visible cells. B, Sixteen-cell embryo. C, Thirty-two-cell stage. (Redrawn after Zimmer from Reed, C. G. 

1991. Bryozoa. In Giese, A. C., Pearse,J. S., and Pearse, V. B. (Eds.): Reproduction of Marine Invertebrates. Vol. VI. 

Echinoderms and Lophophorates. The Boxwood Press, Pacific Grove, CA. pp 85 — 245.) 
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Up to 100 embryos may be produced from a single zygote by 

this process. 

Phylactolaemates brood their embryos in embryo sacs in 

the cystid. The embryo sac originates as an external invagina- 

tion of the cystid wall that bulges into the parental coelom. 

Larvae 
Bryozoan larvae vary considerably in form (Fig. 25-29), but all 

have a locomotory ciliated corona that girdles the body, an 

anterior tuft of apical cilia, and a ventral, adhesive metasomal 

sac (Fig. 25-6D). During settling, the metasomal sac everts and 

fastens to the substratum with adhesive secretions. The larval 

structures undergo histolysis and degeneration, which is fol- 

lowed by development into an autozooid. 

A few gymnolaemates, such as Electra and Membranipora, 

produce small, microlecithal eggs that develop into long-lived 

planktotrophic cyphonautes larvae that are triangular, laterally 

compressed, and enclosed in a chitinous bivalved shell (Fig. 

25-29A, 25-6C,D) having right and left valves. The cyphonautes 

closely resembles the phoronid actinotroch in many respects, 

including the metasomal sac from which the adult epidermis, 

or part of it, is derived (Fig. 25-6). Both have a preoral hood 

overhanging a large vestibule that leads into the mouth and 

both have ciliated tentacles (ciliated ridge) near the mouth. In 

addition, the cyphonautes has a pair of protonephridia (re- 

ferred to as “a network of ciliated tubules” by S. A. Strieker, 

C. G. Reed, and R. L. Zimmer, 1988a) between the membra- 

nous sac and the posterior gut, as does the actinotroch. 

Among Bryozoa, only planktotrophic larvae have a func- 

tional gut and feed during their larval existence. Such larvae 

may take several months to settle. The lecithotrophic larvae of 

brooding species, which is most bryozoans, do not feed during 

their brief larval existence prior to settling (Fig. 25-29B,C). 

In phylactolaemates a placenta develops between the mater- 

nal zooid and the embryo in the embryo sac. Development 

leads to the formation of a larva whose ciliated surface (Fig. 

25-29D) may correspond to the coronal cilia of gymnolaemate 

larvae. One end of the larva invaginates to form a vestibule in 

which budding produces one to several precocious polypides. 

The larva thus contains a prefabricated young colony. The 
t \ 

larva swims about for a short time and then settles and 

attaches, after which the once-ciliated outer epithelium of the 

larva degenerates, leaving the young colony, which continues 

to bud more zooids until an adult colony is formed. A parent 

zooid dies after producing a number of daughter zooids. Thus, 

in branching colonies, only the tips of branches contain living 

zooids, whereas in flattened, gelatinous colonies, living zooids 

are restricted to the periphery. 

Metamorphosis 
At the end of its planktonic life a larva settles on an appropri- 

ate substratum and attaches with its everted metasomal sac 

(Fig. 25-30). The sac secretes a cocoon that encloses the meta- 

morphosing larva. Within the cocoon the larval epidermis 

migrates inward to become the lining of the adult coelom. The 

polypide and cystid develop from larval rudiments and the 

cystid epidermis secretes a zooecium. The residual larval cells 

form a food reserve that nourishes the developing ancestrula 

until it begins feeding. 

Colony Development 
The first zooid to develop from the settled larva is the ancestrula 

(Fig. 25-30E, 25-31B,C). Although a colony may eventually con- 

sist of thousands of zooids, all are the asexual descendants of 

a single original ancestrula. By means of clonal budding, the 

ancestrula gives rise to a series of new zooids that, although 

genetically identical, may be polymorphic, exhibiting different 

shapes and sizes. Continuous asexual reproduction increases the 

size of the colony (Fig. 25-31). 

Clonal budding involves the growth and subsequent segre- 

gation of a part of a parent zooid by the formation of a body- 

wall partition. The new daughter zooid begins as a cystid with 

only its body wall. A new polypide develops from the ectoderm 

and mesothelium of the cystid. The exact pattern of budding 

(the number and location of buds on their parents) deter- 

mines the growth pattern and morphology of the colony. In 

Cilia 

Precocious 
polypide 

FIGURE 25-29 Bryozoan larvae. A, A planktotrophic cyphonautes larva, as found in Membranipora and 
Electra. The larva is laterally compressed and bears a shell (see also Figure 25-6D). B-D, Lecithotrophic larvae of 
the gymnolaemate Bugula neritina (B), the cyclostome Crisia eburnea (C), and a phylactolaemate (D). In 
phylactolaemates, autozooids differentiate precociously within the larval body. (B, Redrawn from Nielsen, C. 1971. 

Entoproct life-cycles and the entoproct/ectoproct relationship. Ophelia 9:209-341; C, Redrawn from Nielsen, C. 1970. On 

metamorphosis and ancestrula formation in cyclostomatous bryozoans. Ophelia 7:217-256; D, Redrazvn from Brien, P. 1960. 

Classe des Bryozaires. In Grasse, P.-P. (Ed.): Trade de Zoologie. Vol. 5. Part 2. Masson et Cie, Paris. Reprinted with permission.) 
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FIGURE 25-30 Bryozoa: larval metamorphosis of the ctenostome gymnolaemate Bowerbankia. The settling 

larva (A) attaches to a substratum using its everted metasomal sac (B), which also secretes a substance that forms 
a cocoon around the settled larva (C). Once enclosed in the cocoon, the larva detaches the metasoma sac rom 
the substratum and rolls its ciliated epidermis inward (C and D). The inrolled larval epiderm.s eventually encloses 

a cavity that gives rise to the ancestrula's coelom (D and E). Residual larval cells provide nutrition for the 
developing ancestrula. Metamorphosis from B to D requires approximately 2 mm to complete The ancestrula 

beqins to feed five days after the onset of metamorphosis. (A-D, Simplified from Reed, C. G. 1991. Bryozoa 

In Giese A C PearseJ. S„ and Pearse, V. B. (Eds.): Reproduction of Marine Invertebrates. Vol VI. Echinoderms and 

Lophophorates. The Boxwood Press, Pacific Cove, CA. pp 87-245; E, Modified according to the description 

d'Hondt, J.-L. 1977. Structure kirvatrc el hv.logcne.se post-larvairc chez Bowerbankia imbncara (Adams, ) ry 

ctenostome (vesicularines). Arch. Zool. Exp. Gen. 118.211—243.) 

0.50 mm 

FIGURE 25-31 Bryozoa: ancestrula and early colony formation in Metarabdotos unquiculatum an 
encrusBng^shallow-water bryozoan found on stones on the west coast of Africa. A. Larva. B and C Format,on 

of the ancestrula which is the oldest of an initial tetrad of zooids. B is 2 h after settlement, C is 28 h after 
settlement. F, Formation of additional zooids 140 h after settlement. (From Cook, P 1973. Settlement and early colony 

development in some Cheilostomata. In Larwood, G. P. (Ed.): Living and Fossil Bryozoa. Academic Press, London, pp. ,5 .) 
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the erect, dendritic Bugula, growth occurs at the tips of each 

branch. In stolonate bryozoans, new buds arise from the sur- 

face and tips of the stolons. 

Encrusting species have a peripheral growing edge (Fig. 

25-32). In Membranipora, whose growth has been carefully stud- 

ied, the zooids occur in subparallel, side-by-side rows radiating 

outward from the central ancestrula. Growth occurs at the 

peripheral end of each row. Here, giant buds consisting of a tip 

and a succession of differentiating zooids grow peripherally, leav- 

ing behind a trail of developing zooids. The lateral epidermis 

and mesothelium invaginate to form transverse partitions that 

divide the giant bud into successive compartments that will 

become the cystids of individual zooids. Polypides then develop 

from the cystids. The new exoskeleton is uncalcified and 

flexible, with calcification of the zooecium to take place later 

well proximal to the distal tip and after the maturing zooid has 

reached its adult size. 

The life span of bryozoan colonies varies greatly. Some live 

only a single year and in temperate-zone species, growth takes 

place when the water temperature rises. Liberation of larvae 

typically occurs in the summer at the end of the life of the 

colony. Annual life spans are especially characteristic of epi- 

phytic species living on algae. Some of these may pass through 

several generations in one season. Many species live for 2 or 

more years (up to 12 years in the European Flustra foliacea), 

with growth slowing down or halting during the winter. The 

colonies of some species, such as Bugula, may die back to the 

stolons or holdfast and re-form the following season. Sexual 

reproduction may occur during a restricted period or, as is 

common in perennial species, it may occur throughout the 

growing period. 

> Giant bud 

Zooid separating 

Lophophore forming 

FIGURE 25-32 Bryozoa. Overhead view of the growing edge of the 

encrusting Membranipora, showing six rows of zooids. The zooids in 

each row are in various stages of development, with the youngest, 

undifferentiated giant buds at the periphery (top of the image) of each 

row. The zooids farthest from the giant buds (bottom of the image) are 

the most developed. New zooids are cut off at the rear of the giant 

buds. (FromLutaud, G. 1961. Contribution a Vetude dubourgeonnement et de 

la croissance des colonies chez Membranipora membranacea (Linne), 

Bryozoaire Cheilostome. Ann. Soc. Zool. Belg. 91:157-300.) 

A - B 

FIGURE 25-33 Bryozoa: statoblasts of freshwater bryozoans. A, A 

floating statoblast of Hyalinella punctata. B, A statoblast with hooks from 

Cristate!la mucedo. (A, After Rogick fromPennak, 1978; B, After Allman.) 

Statoblasts 
In addition to sexual reproduction and asexual budding, fresh- 

water phylactolaemates also reproduce clonally by means of 

special resting bodies called statoblasts (Fig. 25-33), which are 

functionally similar to the gemmules of freshwater sponges. 

One to several statoblasts develop on the funiculus, which 

nourishes it, and bulge into the coelom to form masses of 

mesothelial cells containing stored food. The developing stato- 

blast is eventually covered by migrating epidermal cells. The 

young statoblast secretes upper and lower chitinous valves that 

form a protective covering for the internal cells. Because the 

rims of the valves often project peripherally to a considerable 

extent, the statoblasts are usually flattened and somewhat disc- 

shaped with a bulge in the center of the disc. Statoblasts are 

continuously formed during the summer and fall. Some types 

of statoblasts adhere to the parent colony or fall to the bottom 

(sessoblasts) whereas others contain air spaces and float (float- 

oblasts). Floatoblasts may have attachment hooks around their 

margin (Fig 25-33B). 

Statoblasts are resistant to unfavorable environmental con- 

ditions such as drought and cold and can remain dormant 

for variable lengths of time. While dormant, they may attach 

to and be spread across considerable distances by animals, 

floating vegetation, currents, or other agents and are able to 

withstand desiccation and freezing. When environmental con- 

ditions become favorable, such as in the spring, the two valves 

separate and a zooid develops from the internal mass of cells. 

The number of statoblasts produced by a freshwater bryozoan 

colony is enormous. Windrows of statoblast valves over 1 m 

wide have been reported along the shore of Douglas Lake, 

Michigan. Plumatella repens colonies in a 1 m2 patch of littoral 

lake vegetation were estimated to have produced 800,000 

statoblasts. 

DIVERSITY OF BRYOZOA 
Phylactolaematac: Exclusively in fresh water. Widely dis- 

tributed in lakes, reservoirs, and streams without exces- 

sive mud or silt. Many species (such as Fredericella sultana 

and Plumatella repens) are cosmopolitan. Zooids are cylin- 

drical, the lophophore is horseshoe-shaped (except Fred- 

ericella). An epistome is present. Body-wall musculature 
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consists of circular and longitudinal fibers. Zooecium is 

compressible, uncalcified, thin or thick, sometimes gelati- 

nous. Trunk coelom is continuous between zooids. 

Colonies are monomorphic; all zooids are autozooids, no 

heterozooids. Fredericella, Plumatella, Pectinatella, Lophopus, 

Cristatella. 

Gymnolaematac: Colonies are polymorphic. Zooids are 

cylindrical or flattened. Body wall may be calcified or not. 

Lophophore is circular. Epistome is absent. Intrinsic body- 

wall musculature is absent. Almost entirely marine. 

Most live in coastal waters attached to rocks, pilings, 

shells, wood, algae, other animals, and the surface of indi- 

vidual sand grains (Fig. 25-19A). A few solitary species of 

the genus Monobryozoon live and move about in the intersti- 

tial spaces of marine sand \Fig. 25-20B). Some bore in cal- 

careous substrata. Stolons of boring species are in tunnels 

in the substratum, with the autozooids emerging at the sur- 

face. A few bryozoans live on soft bottoms. Shield-shaped 

colony of Cupuladria doma reaches the size of a small coin. 

It rests free on the bottom with the frontal walls of the 

zooids directed upward (Fig. 25-19B). 

<* From an economic standpoint, marine bryozoans are 

one of the most important taxa of fouling organisms on 

ship bottoms. About 120 species, of which species of Bugula 

are among the most abundant, have been taken from the 

hulls of ships. On U.S. northeastern and northwestern 

coasts the introduced lace bryozoan Membranipora mem- 

branacea weakens kelp fronds, causing them to break and 

thus destroying habitat for fishes such as juvenile cod and 

various invertebrates, including the green sea urchin 

Strongylocentrotus drobachiensis. 

Along with hydroids, bryozoans are among the most 

abundant marine epiphytic animals. Farge brown algae are 

colonized by many species, which display distinct prefer- 

ences for certain algal species. At the time of settling, the 

larvae of epiphytic species are attracted to the algal substra- 

tum, presumably by substances released by the algae. The 

widely distributed, encrusting Membranipora, one species of 

which is abundant on floating Sargassum (gulfweed), dis- 

plays a number of adaptations for an epiphytic life. The 

frontal wall is uncalcified and the lateral walls of adjacent 

zooids are articulated, permitting some flexibility when the 

algal thallus bends. Although colonies encrust over large 

portions of kelp, growth of the colonies is predominantly in 

the direction of the stalk of the kelp thallus and is con- 

trolled by the movement of water over the algal surface. 

Cyclostomataso: Entirely marine. Mesothelium separated 

from body wall to form a membranous coelomic sac. 

Large, spacious hemocoel is continuous with that of adja- 

cent zooids. These are tubular zooids with calcified walls 

that are fused with those of adjacent zooids. Orifices 

are circular and terminal. Lophophore protrusion is 

dependent on muscular deformation of the membranous 

sac, not the body wall. Crisia, Lichenopora, Stomatopora, 

Tubulipora. 

Eurystomataso: Body wall lacks muscles. Lophophore pro- 

trusion depends on body-wall deformation. Interzooidal 

pores are plugged with cellular rosettes and have an associ- 

ated funicular system. 

Ctenostomata0: Stolonate or compact colonies. Zooecium 

is noncalcified membranous, chitinous, or gelatinous. Ori- 

fice usually is terminal. No operculum is present. 

Stolon if eras0: Colonies consist of branching stolons with 

solitary or clustered vase-shaped zooids. Ancestrula devel- 

ops stolons from which autozooids arise. Zooids bud from 

the stolon, not from each other. Amathia, Aeverrillia, Bower- 

bankia, Zoobotryon, Walkeria. 

Carnosas°: Ancestrula produces zooids, which then produce 

more zooids; zooids bud from other zooids, not from 

stolons. Zooids are flat, not circular, in cross section. 

Colonies may be compact or diffuse. Alcyonidium, Flustrel- 

lidra, Monobryozoon, Paludicella (freshwater). 

Cheilostomata0: Most Recent bryozoans are cheilostomes. 

Colonies are composed of contiguous boxlike zooids with 

separate calcareous walls. Orifice has an operculum (lost in 

Bugula). Avicularia, vibracula, or both may be present. Eggs 

typically are brooded in ovicells. 

Anascas0: Frontal (ventral) wall is membranous, flexible. 

Lophophore is protruded by parietal muscles acting on 

the frontal membrane. Aetea, Callopora, Electra, Flustra, Mem- 

branipora, Tendra, Bugula, Scrupocellaria, Cupuladria, Disco- 

porella, Thalamoporella, Cellaria. 

Cribrimorphas°: Almost extinct. Frontal wall is a vault of fused 

overarching spines, which form a porous calcified plate over 

the flexible frontal membrane. Lophophore is protruded by 

parietal muscles acting on the frontal membrane. Sometimes 

included in Anasca or Ascophora. Cribrilina. 

Ascophoras0: Frontal wall is calcified, underlaid by a flexi- 

ble invaginated sac, the ascus. Lophophore protrusion is 

achieved through dilation of the ascus by parietal muscles. 

Microporella, Schizoporella, Smittina, Watersipora. 

PHYLOGENY OF BRYOZOA 
Phylactolaemata and Gymnolaemata are sister taxa in Bryozoa. 

Phylactolaemate autapomorphies include statoblasts, a reduced 

hemal-funicular system, and open coelomic pores between 

zooids. Gymnolaemate autapomorphies include the loss of 

body-wall muscles and loss of the epistome. 

The freshwater phylactolaemates are usually considered 

to be the more primitive, although they have many derived 

characteristics. The cylindrical zooids, anterior orifice, horse- 

shoe-shaped lophophore, presence of an epistome, and 

monomorphic colonies may all be primitive features. In many 

other ways, however, phylactolaemates are specialized, espe- 

cially in their reproduction. 

Unfortunately, there are no fossil phylactolaemates and 

thus paleontology contributes no information regarding 

their relationship with the marine taxa. The earliest known 

marine bryozoan is a questionable fossil species from the late 

Cambrian. Beginning in the Ordovician, however, there is a 

rich fossil record, and thousands of fossil species have been 

described. Cyclostomes dominate the Paleozoic fauna, 

although ctenostomes were also present. Cheilostomes, the 

dominant marine forms today, made their appearance in the 

late Jurassic. 
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PHYLOGENY OF LOPHOPHORATA 
In most phylogenies Phoronida, Brachiopoda, and Bryozoa 

are united in Lophophorata, but the relationships between 

the three taxa and between Lophophorata and the protostomes 

and deuterostomes are not well understood and are the subject 

of an ongoing debate among zoologists (Fig. 9-25). Morphologi- 

cal and molecular evidence often are not in agreement. In gen- 

eral, morphological data tend to support a deuterostome alliance, 

embryological evidence is ambivalent, and nucleotide sequences 

indicate protostome affinities. Here, we conservatively retain the 

three phyla in the monophyletic taxon Lophophorata and pro- 

vide alternative phylogenies in which it is allied in turn with 

Lophodeuterostomia (Fig. 25-34) on one hand and the proto- 

stome Lophotrochozoa (Fig. 25-35) on the other. 

Phoronida and Bryozoa share similar actinotroch and 

cyphonautes larvae, both of which have a metasomal sac and a 

pair of protonephridia, and here we consider them to be 

sister taxa. In some classifications Phoronida and Brachiopoda, 

with shared metasomal metanephridia and a monociliated 

epidermis, are grouped as sister taxa, with Bryozoa excluded. 

Lophophorates have long been considered to be trimeric, 

with bodies and coeloms composed of three regions; the ante- 

rior protosome (epistome) with a protocoel, the middle 

mesosome with its mesocoel, and the posterior metasome 

(trunk) with its metacoel. Trimery would be a synapomorphy 

with the deuterostomes, and the two have traditionally been 

viewed as sister taxa. New studies and reexamination of older 

reports indicate, however, that the cavity of the epistome, 

when present, is not a protocoel, thus weakening the argu- 

ment for trimery and casting doubt on the affinity with 

deuterostomes (although not refuting it). Furthermore, the 

sister-taxon relationship between Lophophorata and Deuteros- 

tomia (= Lophodeuterostomia, Radialia) is not supported by 

molecular data. Thus new morphological and molecular data 

indicate a protostome affinity for the lophophorates in 

Lophotrochozoa (Fig. 25-35, 9-26B) whereas older data 
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FIGURE 25-35 Lophophorate phyiogeny assuming protostome 

relationships. 1, Lophotrochozoa: p-chitin. Chaetae, larval 

protonephridia, possibly monociliated cells. 2, Lophophorata: 
Lophophore, U-shaped gut. Anus is outside the lophophore. 

Upstream collecting system 3, Brachiopoda: Bivalve shell and mantle. 

Brachia. Heart. Digestive ceca. 4, N.N.: Metasomal sac. Adult epidermis 

forms from that of metasomal sac. 5, Phoronida: Corpuscular 

hemoglobin in the hemal system. Actinotroch larva with unique 

metamorphosis. 6, Bryozoa: Introvert. Funicular system (modified 

hemal system). Colonial. Multiciliated cells. Coelomopore 

(a metanephridial homolog?). 7, Spiralia: Spiral cleavage. Mesoderm 

arises from 4d (mesentoblast). 
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FIGURE 25-34 Lophophorate phyiogeny assuming 

deuterostome relationships. 1, Lophodeuterostomia: Dimeric, 

without protosome or protocoel. With lophophore, U-shaped 

gut, dorsal anus, upstream collecting system. 2, Deuterostomia: 

Trimeric. Protocoeiomic heart-kidney complex. Blastopore 

becomes the anus. 3, Lophophorata: There are no unequivocal 

lophophorate apomorphies. Possibilities are a pair of 

metasomal metanephridia and the extracellular skeletal 

covering secreted by the metasomal epidermis. 4, Brachiopoda: 

Bivalve shell and mantle. Brachia. Heart. Digestive ceca. 5, 
N.N.: Metasomal sac. Adult epidermis forms from that of 

metasomal sac. Possible schizocoely and larval protonephridia. 

6, Phoronida: Corpuscular hemoglobin in the hemal system. 

Have an actinotroch larva with unique metamorphosis. 7, 

Bryozoa: Introvert. Funicular system (modified hemal system). 

Colonial. Multiciliated cells, a coelomopore (a metanephridial 

homolog?). 
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PHYLOGENETIC HIERARCHY OF LOPHOPHORATA 

Lophophorata 

N.N. 

Phoronida 

Bryozoa 

Brachiopoda 

and interpretations argue for deuterostome relationships (Fig. 

25-34, 9-26A). At present there is not sufficient evidence to 

place lophophorates with certainty in either of these two 

major metazoan taxa. 

Absence of a protosome and protocoel suggests that the 

lophophorate ground plan is dimeric rather than trimeric. If 

lophophorates are lophodeuterostomes, this implies that 

dimery is ancestral for Lophodeuterostomia and trimery is a de- 

rived autapomorphy of Deuterostomia. The recognition of 

Lophophorata as a monophyletic taxon distinct from other 

lophodeuterostomes is then problematical. Lophophorates 

have <no certain autapomorphies establishing them as distinct 

from other lophodeuterostomes, all of which share the 

lophophore, upstream collecting system, and other characters 

that have traditionally been used to define Lophophorata. A 

pair of metasomal metanephridia and an extracellular skeletal 

covering (shell, tube, or zooecium) secreted by the metasomal 

epidermis might be lophophorate autapomorphies. 

As lophotrochozoans, however, these characters would be 

lophophorate autapomorphies (as they have always been con- 

sidered to be) and Lophophorata could be a valid mono- 

phyletic taxon. The suite of typical lophophorate characters 

(dimeric body, lophophore, U-shaped gut, upstream collecting 

system, and dorsal anus) would be convergent with the similar 

suite found in deuterostomes. 

Morphological evidence for lophophorate relationships is 

contradictory. That the classic lophophorate character suite is 

common to Lophodeuterostomia suggests kinship with deu- 

terostomes. The chitinous chaetae of brachiopods and bryozo- 

ans, on the other hand, are ultrastructurally like those of the 

trochozoan annelids, molluscs, and echiurans. Chitin is very 

unusual in deuterostomes and its presence in all lophopho- 

rates suggests protostome ties. In fact, if lophophorates are 

protostomes, then the absence of chitin would be a deutero- 

stome autapomorphy. 

Developmental evidence is similarly equivocal. All three 

taxa exhibit radial cleavage (a deuterostome trait). The 

blastopore becomes the mouth in phoronids (as in proto- 

stomes) whereas it closes and its fate is uncertain in bra- 

chiopods and bryozoans. Coelom formation is probably 

enterocoelous (as it is in deuterostomes) in brachiopods 

and schizocoelous (as in protostomes) in phoronids and 

uncertain in bryozoans. The phoronid actinotroch and bry- 

ozoan cyphonautes larvae both have a pair of protonephridia 

reminiscent of those found in some annelid larvae (proto- 

stomes). 

Finally, 18S rDNA nucleotide sequences place the three 

lophophorate taxa solidly in the protostome taxon, Lophotro- 

chozoa, in the company of molluscs and annelids (Fig. 25-35, 

9-25) 
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ost chaetognaths are small, transparent, ambush preda- 

tors of marine zooplankton. Called arrowworms, their slender, 

shaftlike bodies bear horizontal fins reminiscent of those on 

a torpedo or the feathered vanes of an arrow. The body is char- 

acteristically straight and stiff, except during sudden swimming 

bursts, which thrust the animal to a new location in the blink 

of an eye. Like an arrow shot from a bow, they reach the zenith 

of their flight, arc downward headfirst, and gradually descend. 

It is during the slow descent that they have the opportunity to 

detect the swimming vibrations of their prey, mostly small crus- 

taceans, which they grasp and devour. Although most chaeto- 

gnaths are adapted to life in the plankton, some are benthic 

animals that attach to macroalgae and seize passing prey. 

All of the approximately 150 species of Chaetognatha are 

marine. They reach their highest diversity in the tropics, but 

are common in all oceans worldwide. Most arrowworms are 

1 to 2 cm long, but species range in size from a few millimeters 

to 12 cm (Pseudosagitta gazellae). The sister taxon of chaeto- 

gnaths has not yet been determined, but recent evidence indi- 

cates that they are prostostomes, perhaps allied with molting 

anifhals (Ecdysozoa; Fig. 9-26B). 

FORM AND FUNCTION  
Arrowworms are striking for their perfect bilateral symmetry. 

The slender body is divided into a head, cylindrical trunk, and 

dorsoventrally flattened, postanal tail. Externally, the head- 

trunk division is marked by a slender neck, but internally the 

body regions are separated by septa (Fig. 26-1). The septa 

occur at the divisions of the head-trunk and trunk-tail. 

The ovoid head bears on its underside a depression, the 

vestibule, which leads into the ventral mouth (Fig. 26-2). On 

each side of the head and flanking the vestibule is a row of 

4 to 14 large, curved, prey-seizing grasping spines composed 

of a-chitin (Fig. 26-1, 26-2). The spines are hollow and filled 

with epidermal (pulp) cells. New spines are formed at the 

anterior end of each row and presumably shed from the poste- 

rior end. Anterior to the spines and also flanking the mouth 

are usually either one or two rows of short teeth. The spines 

and teeth are used to capture prey, introduce venom into the 

prey, and shove the prey into the mouth. A pair of eyes is 

located posteriorly on the dorsal side of the head (Fig. 26-1B). 

In one species, each of the 70 to 600 retinal cells has its own 

lens. Together the retinal cells surround and radiate from a 

large, central pigment cell. The more or less radial symmetry 

of the eye enables it to determine the orientation of light 

arriving from any direction, a clear advantage for a transpar- 

ent animal. The entire head, including the grasping spines, is 

normally ensheathed by a foreskinlike fold of body wall called 

the hood (Fig. 26-1B, 26-2A). The hood is withdrawn rapidly 

to expose the spines and teeth during feeding, then reex- 

tended over the head to streamline it for swimming. 

The elongate trunk and tail bear the lateral fins (Fig. 26-1, 

26-3), each of which has conspicuous fin rays. In many arrow- 

worms there are two pairs of lateral fins (Fig. 26-1B), but most 

species have but a single pair (Fig. 26-1 A). Posteriorly, a large, 

fanlike caudal fin encompasses the end of the tail. Each fin is a 

fold of the epidermis that consists of upper and lower epider- 

mal layers with an extracellular matrix between them (Fig. 

26-3). The fin rays are concentrations of intracellular filaments 

in specialized epidermal cells. 

FIGURE 26-1 Chaetognatha: anatomy. A, Paraspadella gotoi (ventral 

view). B, Adhesisagitta hispida (dorsal view). (Modifiedfrom Shinn, G. L. 

1997. Chaetognatha. In Harrison, F. W., and, Ruppert, E. E. (Eds.): Microscopic 

Anatomy of Invertebrates. Vol. 15. Hemichordata, Chaetognatha, and the Inver- 

tebrate Chordates. Wiley-Liss, Nexu York. pp. 103-220. Reprinted with 

permission.) 
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FIGURE 26-2 Chaetognatha: head anatomy. A, Ventral view of Parasagitta (Sagitta) elegans. B, Anterior and 

ventral view of head with hood retracted, spines and teeth exposed (scanning electron micrograph). (A, After 

Ritter-Zahony from Hyman, 1959. Reprinted with permission.) 

The body wall is covered with a multilayered, or stratified, 

epidermis three to five cells thick, except on the ventral 

surface of the head and on the inside surface of the hood 

(Fig. 26-3). Cuticle occurs only on the head, where it forms a 

protective mask on the ventral, lateral, and dorsal surfaces. 

The spines and teeth are localized specializations of the head 

cuticle. Although the trunk and tail epidermis lack cuticle, 

the subsurface epidermal cells are chock full of microscopic 

skeletal fibers (tonofilaments) that crisscross around the 

body. The collagen fibers in the prominent, epidermal base- 

ment membrane are arranged in crossed helices. These and 

the epidermal filaments probably toughen the body wall, 

resist aneurisms, prevent kinking, and play other skeletal 

roles. 

FIGURE 26-3 Chaetognatha: anatomy and histology. Diagrammatic cross section of Adhesisagitta (Sagitta) 

hispida hatchling (juvenile). Left side shows coelom closed and right side shows coelom (co) as it begins to open. 

The hemal system and peritoneum covering the longitudinal musculature are not yet formed. (Adapted from 

Shinn, G. L. 1997. Chaetognatha. In Harrison, F. W., and Ruppert, E. E. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 

15. Hemichordata, Chaetognatha, and the Invertebrate Chordates. Wiley-Liss, New York. pp. 103-220. Reprinted with 

permission.) 
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Beneath the epidermal basement membrane of the 

trunk and tail is a well-developed longitudinal musculature 

arranged in two dorsolateral and two ventrolateral bundles 

(Fig. 26-3). These muscles generate the dorsoventral swim- 

ming undulations of the body. Most species have small 

bundles of longitudinal muscles in the lateral body wall and 

some species have oblique transverse muscles in the trunk. 

The musculature of the head is complex and specialized for 

the movement of the hood, teeth, grasping spines, and other 

structures (Fig. 26-2A). All of these muscles are cross-striated 

and fast contracting. 

Chaetognaths are tricoelomate: The head houses an un- 

paired coelom, and the trunk and tail have a pair of coeloms 

each (Fig. 26-1). Septa separate the three coelomic regions 

and dorsal and ventral mesenteries divide the trunk and tail 

coeloms into left and right halves. Each left and right tail 

coelom, moreover, is partitioned into medial and lateral 

halves by an additional lateral mesentery. That mesentery, 

however, is incomplete anteriorly and posteriorly, allowing for 

fluid flow between medial and lateral chambers. 

The coelom is lined by a mesothelium that is regionally spe- 

cialized into muscle cells (longitudinal musculature), ciliated 

epithelial cells, and circular epitheliomuscular cells around 

the gut (Fig. 26-3). The coelomic face of the longitudinal mus- 

culature is covered by a thin, noncontractile peritoneum that 

elsewhere is either absent or incomplete. The ciliated cells cre- 

ate circulation in the coelomic cavities. The peritoneum sepa- 

rates the longitudinal muscles from the coelomic fluid, but its 

functional role is unknown. 

Chaetognaths have a hemal system, but it is confined to the 

trunk. Its chief components are a gut sinus between the gas- 

trodermis and mesothelial muscles (gut musculature) and a 

bilateral pair of blood-filled sinuses in the ovaries (Fig. 26-4). 

The gut musculature probably pumps the blood, which is col- 

orless without a respiratory pigment. From its close association 

with the gut wall and ovaries (which synthesize yolk), it is 

likely that its functional role is nutrient transport. 

Chaetognaths are hermaphrodites and the testes also 

require nutrients for the production of sperm, but curiously 

they occur in the tail, which lacks both gut and hemal system. 

How nutrients reach the sperm, which develop in the tail 

coelom, across the trunk-tail septum is unknown, but there are 

clues that suggest a mechanism. The first is that blood and tail 

(but not trunk) coelomic fluid stain identically after treatment 

with certain histological stains. The second is that the trunk- 

tail septum has a blood sinus on its anterior face and 

podocytes on its posterior face (Fig. 26-4). The presence of 

podocytes suggests that a blood ultrafiltrate containing nutri- 

ents may cross the septum and enter the coelomic fluid of 

the tail for uptake by the developing male gametes (and tail 

tissues). 

The presence of coelomic cavities, podocytes, and a hemal 

system predicts the existence of a metanephridial system in 

chaetognaths, but none has been identified, nor has any other 

form of excretory structure. For this reason, it is assumed that 

arrowworm excretion occurs entirely by simple diffusion of 

waste products from its cells and tissues. If this is correct, then 

chaetognaths are the only adult bilaterians to lack specialized 

excretory organs or tissues. On the other hand, the blood sinus, 

podocytes, and tail coelom may be part of a metanephridial 

system now integrated with the male reproductive system. If 

so, each ciliated sperm duct, which conveys sperm from the 

coelom to the seminal vesicles and exterior, corresponds to a 

metanephridial duct. In support of this hypothesis is the 

observed fact that reabsorption of metabolites, a key function of 

metanephridia, occurs in the chaetognath sperm duct. Simi- 

larly, the paired oviducts of the trunk may also be transformed 

metanephridia. 

The digestive tract is a straight but regionally specialized 

tube (Fig. 26-1). The ventral mouth leads into a muscular, 

glandular, nonciliated pharynx that penetrates the head-trunk 

septum to join a straight, ciliated intestine. The posterior end 

of the pharynx may form a swollen bulb in some species. The 

laterally compressed intestine extends the length of the trunk 

to a short ciliated rectum at its posterior extremity. The intesti- 

nal lumen is collapsed except when occupied by food. The 

ventral anus occurs at the trunk-tail septum (Fig. 26-1B). 

Planktonic chaetognaths such as Tenuisagitta setosa and Ad- 

hesisagitta hispida alternately swim and sink, with the fins acting 

as stabilizers during swimming movements. When the body 

sinks, the longitudinal muscles contract rapidly, producing a 

dorsoventral undulation, and the animal darts swiftly forward. 

This forward motion is followed by an interval of passive sink- 

ing. Some planktonic species have specializations that enhance 

neutral buoyancy. In Parasagitta elegans, for example, the 

enlarged gastrodermal cells obliterate the coelom and are 

filled with lightweight NH4
+. The benthic Spadella adheres to 

bottom objects by means of special posterior adhesive papil- 

lae, but it can swim short distances. 

All arrowworms are carnivorous and feed on other plank- 

tonic animals, particularly copepods, which they detect from 

vibrations. They are thus of great importance as a trophic link 

between the primary and higher consumers in the sea. Some 

planktonic chaetognaths consume young fish and other arrow- 

worms that may be as large as themselves and of their own 

species. Arrowworms are voracious feeders. Zonosagitta nagae, 

for example, consumes 37% of its own weight each day. As a 

prey passes beside a chaetognath, a rapid flex of the body 

quickly repositions the arrowworm, enabling it to seize the 

prey with its grasping spines and pierce it with its teeth. Ini- 

tially, prey immobilization may result from sticky oral secre- 

tions, but these are aided by a bacteria-derived tetrodotoxin, a 

potent sodium-ion channel blocker, whose chief function may 

be to quiet or kill the prey before ingestion. Immediately after 

capture, the prey is swallowed and then surrounded by a 

peritrophic membrane before passing into the intestine for 

extracellular digestion. 

The chaetognath nervous system is well developed, gan- 

glionated, and located primarily within the epidermis. A prom- 

inent cerebral ganglion is located on the dorsal side of the 

head, and from it a nerve ring arises to encircle the foregut just 

behind the mouth. The ring bears a pair of large vestibular 

ganglia laterally and a pair of esophageal ganglia ventrally. The 

vestibular ganglia control the grasping spines whereas the 

esophageal ganglia innervate the gut musculature. From each 

side of the cerebral ganglion, a nerve extends posteriorly to the 

very large ventral ganglion in the trunk (Fig. 26-1). Numerous 

pairs of lateral nerves issue from the ventral ganglion and join 

an extensive intraepidermal nerve net that innervates the body- 

wall musculature and sensory cilia. The sensory cilia are 
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FIGURE 26-4 Chaetognatha: anatomy and histology. Horizontal (frontal) section of Adhesisagitta (Sagitta) 

hispida at the level of the trunk-tail septum. The follicle-cell layer on the egg is not shown. (Adapted from Shinn, 

G. L. 1997. Chaetognatha. In Hamson, F. W., and Ruppert, E. E. (Eds.): Microscopic Anatomy of Invertebrates. Vol. 15. 

Hemichordata, Chaetognatha, and the Invertebrate Chordates. Wiley-Liss, New York. pp. 103—220. Reprinted with permission.) 

distributed over the surface of the body and arranged in short, 

fanlike rows called ciliary fences that detect waterborne vibra- 

tions (Fig. 26-1A). Some ciliary fences are oriented parallel and 

others perpendicular to the long axis of the body. 

Arrowworms are relatively stiff shafts that bend or undulate 

dorsoventrally, but do not shorten along the longitudinal axis. 

Most likely, the body stiffness results from coelomic turgor 

pressure contained within the fiber sheaths of the epidermis 

and basement membrane. The fibers may be arranged in a 

manner that opposes shortening of the body. Vacuolated epi- 

dermal cells in the collar region of some species may also have 

a skeletal function. 
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All chaetognaths are hermaphrodites with internal fertiliza- 

tion. A pair of elongate ovaries occurs in the trunk anterior 

to the trunk-tail septum and a pair of testes is situated in the 

tail behind the septum (Fig. 26-1). Sperm leave the testis as 

spermatogonia and spermatogenesis is completed in the tail 

coelom, from which a sperm duct extends posteriorly to termi- 

nate in a seminal vesicle embedded in the lateral body wall. 

When mature, the sperm enter the ciliated funnel of the 

sperm duct and then pass into the seminal vesicle, in which 

the sperm are formed into a single spermatophore. The sper- 

matophore is released by rupture of the seminal vesicle and 

body walls. 

Within each ovary, the eggs are in a blood sinus (Fig. 26-4) 

and are separated from the blood solely by a thin, fenestrated 

(porous) follicle-cell layer. An oviduct runs along the lateral 

side of each ovary and opens to the exterior through two 

gonopores, one on each side of the body just in front of the 

trunk-tail septum (Fig. 26-1, 26-4). The eggs do not begin to 

mature until after spermatogenesis has begun in the tail 

coelom. 

Mating occurs after a preliminary visual signaling behav- 

ior used for species recognition and perhaps to reduce the 

risk of being eaten by the partner. When contact is made, a 

spermatophore is released from the seminal vesicle and 

attached to the surface of the partner’s body. Sperm then 

leave the spermatophore, migrate into the female gono- 

pores and oviducts, and fertilize the eggs internally. Under 

optimal conditions, chaetognath pairs will mate each day 

and release fertilized eggs from the female’s gonopores into 

the sea or attach them to the sea bottom, except for species 

of Eukrohnia, which brood their eggs in pouches formed by 

the lateral fins. Each egg is surrounded by a thin shell and 

jelly coat. 

Development is direct and rapid, often as short as one day, 

and a miniature chaetognath, called a hatchling, escapes from 

the eggshell. Because cleavage is holoblastic and equal and 

leads to a spherical coeloblastula, it has been regarded as 

radial. After the second cleavage, however, two opposite blas- 

tomeres are displaced toward the animal pole and the other 

two are displaced toward the vegetal pole. Contact between the 

polar blastomeres at each pole creates a furrow called a cross 

furrow (Fig. 26-5B) that is typical of spirally cleaving embryos 

at the four-cell stage. Furthermore, as the embryo cleaves from 

two into four cells (second cleavage), the two blastomeres dis- 

placed to the animal pole move counterclockwise with respect 

to the vegetal-pole blastomeres (Fig. 26-5A,B). This suggests 

that the mitotic spindles involved in this division are tilted 

away from the animal-vegetal axis, which is another hallmark 

of spiral cleavage. Gastrulation is by invagination, and the blas- 

tocoel is obliterated. Bilateral folds of the anterior archen- 

teron wall grow rearward, cutting off two lateral coelomic sacs 

from the medial archenteron (Fig. 26-5C,D). Thus the coelom 

originates by an unusual form of enterocoely. The mouth 

arises anteriorly at the opposite end of the embryo from the 

blastopore. 

FIGURE 26-5 Chaetognatha: 
development. A, Two-cell stage in 
animal-pole view. B, Four-cell stage 
in animal-pole view. Note cross 
furrow typical of spiralian (pro- 
tostome) embryos. Slight counter- 
clockwise (leiotropic) shift (see 
arrows) of animal-pole cross-furrow 
cells is also typical of spiralian em- 
bryos at the four-cell stage. C and 
D, Dorsal views of coelom 
formation in a Sagitta embryo 
(anterior above, posterior below). 
C, Initial folding of anterior 
archenteron wall. D, Posterior 
growth of folds, establishment 
and separation of head and trunk 
coelomic sacs, and early morpho- 
genesis of gut. (A and B, Modified 
after Shimolori and Goto, 2001; C and 
D, After Burfield from Hyman, 1959.) 
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PHYLOGENY OF CHAETOGNATHA 
Chaetognatha is a distinctive taxon of Bilateria because of its 

many unique traits (autapomorphies), such as its grasping 

spines, hood, ciliary fences, doubled-walled lateral fins, and 

stratified epidermis, among others. But the absence of a defi- 

nite synapomorphy between Chaetognatha and any other 

metazoan taxon except Bilateria itself has cast the arrowworms 

into an enduring isolation. Systematists have nevertheless 

drawn cautious comparisons based on characters of uncertain 

homology. Some of these characters suggest an alliance 

between chaetognaths and protostomes. Included among 

these are a head cuticle of a-chitin, shedding and replacement 

(perhaps molting?) of spines, compoundlike eyes, a peri- 

trophic membrane, spiral-like cleavage (all characters of 

panarthropods), and the ventral nervous center (as in proto- 

stomes in general). A tricoelomate body, enterocoely, and a 

secondary morphogenesis of the mouth (deuterostomy), how- 

ever, point to a relationship with deuterostomes. Finally, a 

coelomate body design with a hemal system and meta- 

nephridia (assuming that the gonoducts are modified meta- 

nephridia) may all have originated in the common ancestor 

of the Bilateria. Biomolecular data based on 18S rDNA se- 

quences indicated a sister-group relationship between chae- 

tognaths and nematodes, but the results are plagued by a 

possible artifact called “long-branch attraction” and thus are 

by no means definite. 

Molecular phylogenies are built by computer programs 

that join taxa based on similarities in the sequence of mole- 

cules, such as nucleotides in a gene. Because such sequences 

contain only four nucleotides (A, T, C, and G) and substi- 

tutions can occur randomly, two rapidly evolving lineages 

in which the substitution rate is high (thus they are on long 

branches) tend to have convergently similar sequences 

and are erroneously joined. This false claim of close rela- 

tionship, a form of homoplasy, is called long-branch 

attraction. 
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euterostomia, the sister taxon of Protostomia, includes 

the acorn worms and sea angels (Hemichordata; Fig. 27-1), sea 

stars and their relatives (Echinodermata), as well as the sea 

squirts, lancelets, and vertebrates (Chordata). Lancelets and 

vertebrates are segmented animals but, in the deuterostome 

ground plan, the body is trimeric being divided into three 

distinct regions. These are an anterior preoral lobe, the proto- 

some, a mouth-bearing middle region, or mesosome, and a 

trunk, the metasome, which bears the gut and gonads. Each 

of these regions houses a pair of coeloms, the protocoels, meso- 

coels, and metacoels, respectively (Fig. 27-3A, 27-5C). The 

coelomic mesothelium differentiates into the musculature, 

which primitively is composed of epitheliomuscular cells. Tubu- 

lar outgrowths of the coelom, or coelomic diverticula, extend 

from one body region into other regions to create specialized 

muscles (see below), a specialized circulatory system (such as 

the echinoderm water-vascular system), or other functionally 

unique structures. Primitive deuterostomes, including hemi- 

chordates, have a heart-kidney, or axial complex, in the proto- 

some. The heart-kidney is a metanephridial system consisting of 

the heart, pericardial cavity, glomerulus, protocoel, and a pair 

of metanephridia (Fig. 27-3A). Deuterostome zygotes undergo 

radial cleavage, the embryonic blastopore becomes the poste- 

rior anus, and the mouth forms secondarily at the anterior end 

(deuterostome = second mouth). Coelomic cavities arise by 

enterocoely, as outpockets from the archenteron (Fig. 9-23G), 

but other modes of coelom differentiation, such as schizocoely, 

occur in hemichordates. 

Hemichordates express all the attributes (autapomorphies) 

of Deuterostomia and at least one unique structure, a median, 

unpaired diverticulum of the foregut that projects into the pro- 

tocoel (unpaired in hemichordates) and supports the heart- 

kidney. This diverticulum, called a stomochord (Fig. 27-5), was 

previously regarded as a rudimentary notochord, a trait associ- 

ated with Chordata, among which are the vertebrates. In addi- 

tion to this notochord-like structure, hemichordates also 

express two other traits typical of chordates. The first is one or 

more pairs of gill slits, the general name for perforations of the 

pharyngeal wall, regardless of shape, which extend through the 

body wall and ojoen to the exterior. The second is the so-called 

collar cord (neurocord; Fig. 27-5A), a short section of some- 

times hollow dorsal nerve cord reminiscent of the chordate 

dorsal hollow nerve cord (spinal cord). The hemichordate gill 

slits are probably homologous to those of chordates and may 

even be part of the deuterostome ground plan, but the collar 

cord and stomochord are likely unique to hemichordates. We 

will return to these evolutionary issues later in the chapter. 

Two distinctly different body forms typify Hemichordata. 

Representing one design are the large, solitary acorn worms 

(Enteropneusta) that inhabit soft sea bottoms at all water 

depths. Sea angels (Pterobranchia), on the other hand, are 

bryozoan-like colonies of tiny zooids that grow on hard marine 

surfaces. 

ENTEROPNEUSTAc  
The 70 species of Enteropneusta, or acorn worms, are 

chiefly benthic inhabitants of shallow water, but a few occur 

in the deep sea and in association with hydrothermal vents. 

Some, such as species of Ptychodera, live under stones and 

shells, and many common species, including those of Sac- 

coglossus and Balanoglossus, construct mucus-lined burrows in 

mud and sand. Exposed tidal flats are frequently dotted with 

the coiled, ropelike fecal castings of these animals (Fig. 

27-4F). One unidentified species from the Sea of Japan is 

reported to swim. 

FORM 
Acorn worms are large, soft, and fragile animals, the major- 

ity being between 10 and 45 cm in length. Saccoglossus 

kowalevskii typically is 15 cm long, and the common Bala- 

noglossus aurantiacus of the southeastern coast of the United 

States reaches approximately 1 m in length (Fig. 27-1A). 

The largest described acorn worm, B. gigas, which ranges 

Proboscis 

Collar 

Trunk 

Gill 
pores 

Branchiogenital region 

Hepatic region 

Genital wing Hepatic ceca Intestinal region 

FIGURE 27-1 Enteropneust diversity and burrow 

structure. A, Balanoglossus aurantiacus. B, Saccoglossus 

(Dolichoglossus) kowalevskii. C, Ptychodera jamaicensis. 

D, Schizocardium brasiliense. The intestinal region of 

B. aurantiacus has been shortened. E„ B. aurantiacus: 

burrow arrangement and feeding position showing, 

from left to right, fecal cast, feeding funnel, and 

ventilation shaft. F, Saccoglossus kowalevskii: burrow 

arrangement and feeding position with proboscis 

extended on sediment surface. The burrow is helical, 

throwing the trunk into a permanent twist. (Adapted from 

Ruppert, E. E., and Fox, R. S. 1988. Seashore Animals of the 

Southeast. University of South Carolina Press, Colu mbia. 429 pp.) 
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from Brazil to Cape Hatteras, North Carolina, exceeds 2.5 m 

in length and constructs 3 m long burrows. 

In practice, it is difficult to establish the length of acorn 

worms because the fragile body breaks easily when handled. 

Unbroken, the three regions of the cylindrical body are the 

anterior proboscis (protosome), a short middle collar (meso- 

some), and a long posterior trunk (metasome; Fig. 27-1C), but 

the trunk is rarely collected intact. 

The muscular proboscis is usually short and more or less 

conical (Fig. 27-1 A,C,D), but in Saccoglossus, it is long and 

slender (Fig. 27-1B). The proboscis attaches to the collar dor- 

sally by a slender but sturdy stalk (Fig. 27-1B). The collar is 

a short cylinder that opens anteriorly to form the large mouth 

(Fig. 27-4E). The collar surrounds and overlaps the proboscis 

stalk and the posterior end of th'e proboscis. In some species, 

the proboscis and collar together resemble an acorn and its 

cap, and the common name, acorn worm, was coined for this 

similarity. 

The regionated trunk constitutes the major part of the 

body. From anterior to posterior, its three sections are called 

the branchiogenital, hepatic, and intestinal regions. The bran- 

chiogeflital region bears a longitudinal row of gill pores on 

each side of the dorsal midline (Fig. 27-1A), Gill pores are the 

external body-wall openings that correspond to the internal 

pharyngeal gill slits. Lateral to the two rows of gill pores are 

either two low, longitudinal genital ridges (as in Saccoglossus, 

Schizocardium, and others) or two (as in Balanoglossus, 

Ptychodera) or four (as in Stereobalarms) large, flaplike genital 

wings, which arch dorsally over the branchiogenital region 

(Fig. 27-1 A, 27-5B). A specialized hepatic region follows the 

branchiogenital region posteriorly. In many large-bodied 

species, it bears numerous fingerlike, hollow evaginations of 

gut and body wall called hepatic ceca that project dorsally 

above the surface of the body (Fig. 27-1 A). The hepatic ceca 

are lined by intestinal gastrodermis. The long, cylindrical 

intestinal region completes the trunk and extends rearward to 

the terminal anus. 

The enteropneust epidermis lacks a cuticle but is densely 

multiciliated, richly glandular, and bears numerous short 

microvilli (Fig. 27-2). The gland cells, which are especially 

Ciliated cell 

Gland cells 

Sensory cell 

Nerve layer 

Basal lamina 

Circular muscle 

Epidermis 

- Radial muscle 
Longitudinal 

muscle 

> Mesothelium 

Coelom 

FIGURE 27-2 Hemichordate body wall. The body wall lacks a cuticle 

and is either monociliated (in pterobranchs) or multiciliated (in enterop- 

neusts). The coelom is lined by a mesothelium that forms the 

musculature; a peritoneum is absent. 

abundant at the tip of the proboscis and on the collar, are 

responsible for secreting the mucus coating of the body. Some 

of the gland cells produce bromine-containing compounds 

that impart a strong medicinal odor to acorn worms and may 

protect them from bacterial infection or animal predation. 

A basal lamina and a connective-tissue dermis lie beneath the 

epidermis, but the dermal fibers are not well developed or well 

organized, perhaps accounting for the fragility of the body. 

COELOMS, MUSCULATURE, 
AND LOCOMOTION 
Acorn worms, like echinoderms and chaetognaths, are tricoelo- 

mate. A single unpaired protocoel occupies the proboscis, 

a pair of mesocoels is found in the collar, and a pair of meta- 

coels occurs in the trunk (Fig. 27-3A). Septa separate the three 

coelomic regions and dorsal and ventral mesenteries divide the 

coeloms of the collar and trunk into right and left halves. 

The protocoel opens to the exterior on the left side of the pro- 

boscis stalk via one small opening, the proboscis pore (a 

nephridiopore; Fig. 27-3A). The mesocoels house a pair of 

metanephridia, the mesocoel ducts, that pass through the 

collar-trunk septum and discharge into the first gill pores (Fig. 

27-3A). The metacoel lacks coelomic ducts, except for the 

gonoducts discussed below. 

Specialized coelomic diverticula extend from one body 

region into another. Two perihemal coeloms, each a meta- 

coelic diverticulum, originate on the collar-trunk septum and 

extend anteriorly through the collar region, ending on the 

proboscis stalk (Fig. 27-3A). They are called perihemal coeloms 

because they flank the dorsal blood vessel in the collar region, 

but they probably play little or no role in circulation. Instead, 

their mesothelium is a well-developed longitudinal muscula- 

ture whose chief function is to retract the proboscis into the 

collar, thus closing the mouth. 

The general coelomic lining is a monolayered mesothelium 

composed predominantly of smooth epitheliomuscular cells. 

Each of these cells bears a single cilium that helps to circulate 

the coelomic fluid. The muscle cells are pseudostratified into a 

poorly developed outer circular musculature and a well- 

developed inner longitudinal musculature (Fig. 27-2). In addi- 

tion, radial muscles, each a single fiber, span the coelom in 

all body regions and may functionally supplement the weak cir- 

cular muscles (Fig. 27-2, 27-3A, 27-5A). The musculature is best 

developed in the proboscis and trunk. The longitudinal muscu- 

lature of the trunk usually is divided into a pair of dorsal mus- 

cles and a well-developed pair of ventrolateral muscles, which 

are the principal retractor muscles that shorten the trunk. Gen- 

erally, acorn worms are sluggish animals that crawl or burrow 

slowly using retrograde peristaltic contractions of the proboscis. 

After the proboscis advances and anchors, the trunk and collar 

are pulled forward and the cycle is repeated (Fig. 27-4A-D). 

SKELETON 
Muscles act against the hydrostatic coelomic cavities during 

locomotion and most other movements. In addition to the 

coelomic hydrostat, however, enteropneusts have two special- 

ized, rigid, collagenous skeletons, the branchial skeleton for 
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FIGURE 27-3 Enteropneust internal anatomy. A, Musculature, hemal, and coelomic organization, dorsal view. 
B, Digestive system showing the path of food and removal of water via the pharyngeal gill slits. 
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FIGURE 27-4 Enteropneust burrowing, feeding, and fecal casting. A-D, Acorn worms burrow using retro- 
grade peristaltic waves along the muscular proboscis assisted by surface cilia, which transport sand rearward 
along the body. E, While feeding, particles are trapped in surface mucus and transported by cilia to the mouth. 
Rejected particles are carried over the rim of the collar and moved posteriorly in rings. F, The posterior end and 
ropy fecal cast of the giant acorn worm Balanoglossus gigas on the surface of an exposed sand flat at low tide. 
The cast is approximately 1 cm in diameter. (E, Modified and redrawn after Burdon-Jones, C. 1956. Observations on the 

enteropneust, Protoglossus kohleri. Proc. loot. Soc. Lond. 127:35.) 
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support of the pharynx and gill slits (Fig. 27-5B, 27-7B) and the 

proboscis skeleton (Fig. 27-5A, 27-6). The Y-shaped proboscis 

skeleton anchors the proboscis to the collar and strengthens 

the slender proboscis stalk. The base of the Y inserts in the 

stalk and the two arms of the Y anchor in the dorsal wall of the 

collar. 

DIGESTIVE SYSTEM AND NUTRITION 
The digestive tract is a straight tube differentiated into several 

regions (Fig. 27-3B). The mouth — the large anterior opening 

of the cylindrical collar—can be closed by withdrawing the 

proboscis into the collar, like inserting a plug in a drain. The 

mouth leads into a buccal cavity within the collar (Fig. 27-3B). 

The stomochord projects anteriorly from the mid-dorsal wall 

of the buccal cavity, passes through the proboscis stalk, and 

enters the proboscis, where it lies directly below the heart and 

kidney (described below; Fig. 27-3B, 27-5A, 27-6). The buccal 

cavity joins the pharynx, which occupies the branchial region 

of the trunk and is laterally perforated by the paired gill slits. 

In many acorn worms, such as species of Balanoglossus and 

Ptycbodera, the pharynx is divided into an upper branchial 

channel with gill slits and a respiratory water flow and a ventral 

food channel that transports food posteriorly to the esophagus 

and intestine (Fig. 27-5B). 

The pharynx joins a short esophagus, in which food parti- 

cles and mucus are molded into a cord. In species of Schizo- 

cardium and related genera, simple, oval esophageal pores that 

open from the esophagus directly to the exterior may help to 

remove excess water from the food cord (Fig. 27-3B). 

The intestine constitutes the remainder of the gut. Its ante- 

rior hepatic region is the site of extracellular digestion, followed 

by intracellular digestion and nutrient storage (in hepatic ceca, 

if present). The posterior intestine compacts the fecal material 

and conveys it to the terminal anus, which releases the feces in a 

long, often ropy casting (Fig. 27-4F). 

Acorn worms may be deposit feeders, suspension feeders, 

or both. Burrowing species are predominantly deposit feeders, 

consuming sand and mud and digesting the organic matter, 

but a few species protrude the proboscis from the burrow 

opening and collect suspended material from the water. The 

recently described burrower Harrimania planktophilus of the 

Pacific Northwest is a subsurface suspension feeder. 

Among deposit feeders, detritus and sediment are trapped 

in mucus on the proboscis and transported by cilia to the 

mouth. Some of the material enters the mouth ventrally after 

passing over a shallow, ciliated groove, the preoral ciliary 

organ (POCO), located on the posterior face of the proboscis 

(Fig. 27-4E). The POCO traps the finest particles and then 

directs them into the mouth. Particles that are not ingested 

are transported rearward over the collar and trunk and then 

discarded (Fig. 27-4E). Suspension feeders trap and transport 

suspended material in mucus on the proboscis, like deposit 

feeders, but the inhalant water current generated by the gill- 

slit cilia also transports suspended particles directly into the 

pharynx. Once the particles enter the pharynx, they are 

trapped in mucus secreted by the pharynx lining. The trapped 

particles are transported ventrally to the pharyngeal food 

channel, if present (Fig. 27-5B), or to the ventral midline of 

the pharynx (hypobranchial ridge). Once in the food channel 

or on the hypobranchial ridge, cilia move the mucus and par- 

ticles posteriorly into the esophagus. 

Two common burrowing enteropneusts, Saccoglossus kowa- 

levskii (Fig. 27-1B) and Balanoglossus aurantiacus (Fig. 27-1 A), 

are both surface deposit feeders that occupy U-shaped 

burrows, but they have markedly different feeding styles. 

Saccoglossus extends its long proboscis from the burrow open- 

ing and directs it radially over the sediment surface (Fig. 

27-1F). While it is extended, cilia on the proboscis convey 

the surface detritus back to the mouth. After feeding for a 

time, the proboscis is retracted and then reextended in a 

new direction. After several cycles of proboscis movements, 

Saccoglossus has created a spokelike series of radiating fur- 

rows, a feeding rosette, around the mouth of its burrow. 

The burrow of Balanoglossus typically has two surface open- 

ings and a third, craterlike depression called a feeding fun- 

nel, which lies above the head end of its burrow (Fig. 

27-1E). While feeding, Balanoglossus positions its proboscis 

at the bottom of the feeding funnel. As it removes sand 

from the base of the funnel, surface detritus, rich in organic 

matter, tumbles into the funnel and is ingested by the worm. 

Thus, without leaving the safety of its burrow, Balanoglossus 

is able to feed on the organic surface detritus. Periodically, 

Saccoglossus and Balanoglossus back up in their burrows, 

extend the anus at the surface, and extrude a coiled fecal 

cast (Fig. 27-4F). 

GAS EXCHANGE 
The pharyngeal gill slits are narrow U-shaped perforations in 

the wall of the pharynx that function in gas exchange, removal 

of excess water from ingested food, and, in some species, sus- 

pension feeding (Fig. 27-5A, 27-7). The number of slits ranges 

from a few to as many as 200 or more pairs in different species. 

The serial arrangement of bilaterally paired gill slits and associ- 

ated structures is called branchiomery (= gill segments). 

Gill slits are supported internally by a rigid, collagenous 

branchial skeleton. The skeleton consists of a series of gill bars 

alternating with tongue bars. Each hairpin-shaped gill bar sup- 

ports a gill slit laterally and arches around it dorsally. The 

tongue bar is a downgrowth from the dorsal arch of the gill 

bar that divides the originally oval gill slit into a U (Fig. 

27-7A,B). In many species, but not in Saccoglossus, cross braces 

called synapticles bridge the gill slit and join the gill and 

tongue bars. The synapticles help to support the gill slits and 

are vascularized, like the gill arches and tongue bars, to supply 

blood to the gills. 

Each gill slit opens into an internal saclike atrium, a pouch 

of developmentally invaginated body wall that, in some 

species, forms a water jacket around the pharynx (Fig. 27-5B). 

In most species, each atrial sac opens to the exterior at a dor- 

solateral gill pore. The gill pores occur in a longitudinal row 

on each side of the body. The walls around the gill slits are cili- 

ated and contain a plexus of blood vessels that are involved in 

gas exchange. The coelomic surface of some of the vessels 

bears podocytes (see Internal Transport and Excretion). The 

beating gill-slit cilia produce a stream of water that enters the 

mouth and pharynx, and then exits through the gill slits, atria, 

and gill pores. 
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FIGURE 27-5 Diagrammatic internal anatomy of Enteropneusta and Pterobranchia. A, Sagittal section of an 

enteropneust. B, Cross section through the branchiogenital region (pharynx) of the enteropneust Balanoglossus 

aurantiacus. Gill pores are not seen in this section, but their location is indicated. Arrows indicate the direction of 

particle movement. The opposite walls of the pharynx are held together but not fused at the transition between 

the branchial and food channels. C, Sagittal section of a pterobranch. 
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FIGURE 27-6 Enteropneust stomochord. Cross section of the 
stomochord. The stomochord owes some of its stiffness to turgid 
intracellular vesicles and muscle filaments, but a highly thickened and 
cross-linked part of the extracellular sheath, the proboscis skeleton, is 
the principal skeletal element. It secures the proboscis to the collar and, 
with the stomochord, forms a rigid platform to support the heart. 

INTERNAL TRANSPORT 
AND EXCRETION 
The hemal system of enteropneusts (and hemichordates in 

general) consists of an anterior heart and two main contractile 

vessels, the dorsal blood vessel carrying the colorless blood 

forward and the ventral blood vessel transporting it posteri- 

orly. Smaller vessels supply the body wall, gill slits, and major 

organs. 

The heart-kidney is located posteriorly in the protocoel 

(Fig. 27-3A). It is supported from beneath by the stomochord 

and pressurized from above by a small, contractile coelomic 

cavity, the pericardial cavity with its muscular wall (Fig. 27-5A). 

The stomochord is a semirigid platform against which the 

heart is compressed by the cross-striated, muscular peri- 

cardium. Blood enters the heart lumen posteriorly between 

the stomochord and pericardium. As the blood is pressurized 

by the slow contractions of the pericardium, at approximately 

6 beats/min, it flows into efferent vessels for transport else- 

where in the body and into numerous blind-ended folds of the 

heart wall. These blood-filled folds form the glomerulus (Fig. 

27-3A, 27-5A) and greatly increase the area of heart wall in 

contact with the protocoel. The glomerular wall is composed 

of podocytes. As the heart contracts, blood is ultrahltered 

across the wall of the heart into the protocoel to form primary 

urine, which may be modified by the muscle cells of the proto- 

coel mesothelium. Urine then passes from the protocoel to 

the exterior through the proboscis duct (metanephridium) 

and pore on the left side of the proboscis stalk (Fig. 27-3A). 

Some enteropneusts have a bilaterally symmetric pair of ducts 

and pores on the stalk. 

A pair of ciliated mesocoel ducts (metanephridia) open 

into the first gill pores and transport mesocoelic fluid to the 

exterior, but an associated hemal filtration site has not yet 

been identified (Fig. 27-3A). The paired metacoels of the 

trunk, on the other hand, lack metanephridia, but mesothelial 

podocytes occur on gill-bar blood vessels. The podocyte layer 

separates the blood from the trunk coelomic fluid. Lacking 

metanephridial outlets, these branchiomeric podocytes have 

no obvious functions except perhaps to deliver blood ultrafil- 

trate (nutrients) to the trunk musculature via the coelomic 

fluid or to play a role in ion regulation. The physiology of 

excretion in hemichordates needs further study. 

NERVOUS SYSTEM 
Adult enteropneusts are noteworthy for their lack of sensory 

organs and more or less decentralized nervous system. All of 

the described sensory structures are individual sensory cilia that 

are widespread on the epidermis. A definite, concentrated, 

FIGURE 27-7 Enteropneust gill circulation and gill slits. A, Diagrammatic section of pharyngeal circulation; 

anterior is to the left. Open arrows show blood flow in dorsal and ventral blood vessels. Solid arrows indicate 

presumed direction of blood flow in and around the gills. The distance between the U-shaped gill slits is greatly 

exaggerated. B, Photograph of gill slits from the interior of the pharynx of a living acorn worm. 
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ganglionic brain is absent. The CNS consists of intraepidennal 

dorsal and ventral nerve cords (Fig. 27-5A,B) linked at intervals 

along the length of the body by circumferential nerve rings. 

These components join peripheral nerve nets in the epidermis 

and gut. In the trunk, the prime function of the dorsal cord is 

to innervate the two small dorsal longitudinal muscles, whereas 

the larger ventral cord innervates the better developed ventro- 

lateral pair of longitudinal muscles. In the short collar region, 

the dorsal cord joins a more or less hollow, subepidermal collar 

cord (neurocord; Fig. 27-5A). The cavity of the collar cord, 

when present, opens to the exterior at an anterior neuropore 

located immediately inside the dorsal margin of the collar (Fig. 

27-5A). The neurons of the collar cord are primarily responsi- 

ble for conducting impulses between the proboscis and trunk, 

but some innervate the musculature of the perihemal coeloms 

(see above). This specialized musculature, which is in direct 

contact with the collar cord, retracts the proboscis into the col- 

lar. Ciliated sensory cells of unknown function occur in the cav- 

ity of the collar cord. 

REPRODUCTION AND DEVELOPMENT 
Most acorn worms are fragile animals that frequently tear or 

break when handled, and damage also can occur under nat- 

ural conditions. For example, the Atlantic auger snail, Terebra 

dislocata, lingers on the sandy fecal mounds of Balanoglossus 

aurantiacus. When the worm exposes its tender posterior end 

to defecate, the snail bites off a piece and eats it. Acorn worms, 

however, readily regenerate damaged or lost parts and clonal 

reproduction by fragmentation has been reported for several 

taxa, including species of Glossobalanus and Balanoglossus. 

Acorn worms are gonochoric animals that free-spawn eggs 

and sperm into the surrounding seawater (or their burrows), 

where fertilization occurs. The numerous saccate gonads are sit- 

uated in the connective-tissue space of the genital ridges or gen- 

ital wings (Fig. 27-3A, 27-5B). Each sac has its own surface duct 

and pore. Male gonads are often orange and female gonads, 

lavender or gray. Early development of the zygotes and the 

fate of the blastopore follow the deuterostome pattern (Fig. 

27-8E,F). The mesoderm and coelomic cavities originate from 

the archenteron, but all morphogenetic modes—enterocoely, 

schizocoely, and other patterns—are represented in Enter- 

opneusta in association with particular species. 

A few taxa, such as species of Saccoglossus, have large, yolky 

eggs that develop into short-lived, planktonic, lecithotrophic 

larvae before settling and undergoing metamorphosis (Fig. 

27-8A-D). The recently settled juvenile of Saccoglossus has 

a long postanal tail, reminiscent of the pterobranch stalk (Fig. 

27-8D; see below), that helps to anchor it in the sand. Most 

enteropneusts, however, have small, nonyolky eggs that develop 

into transparent, long-lived, planktotrophic larvae called 

tornaria larvae (Fig. 27-8G). In addition to the meandering 

circumoral band of suspension-feeding cilia, a posterior ring 

of multiciliated cells, the telotroch, is used for locomotion 

E 

Pulsatile vesicle 

Pericardial 
cavity 

FIGURE 27-8 Enteropneust development. A-D, Indirect development in Saccoglossus kowalevskii. The large, 

yolky eggs of this species develop into short-lived, lecithotrophic, swimming larvae (C). After settlement (D), the 

juvenile develops a postanal tail. E and F, Indirect development in Schizocardium brasiliense. The small, nonyolky 

eggs develop into long-lived planktotrophic larvae called tornaria (G) before undergoing a rapid metamorphosis 

to form a juvenile worm (H). (D, Redrawn after Burdon-Jones, C. 1952. Development and biology of the larva of Saccoglos- 

sus horsti. Phil. Trans. Roy. Soc. Lond. B. 236:553-590.) 
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(Fig. 27-8G). The anatomy of the tornaria is strikingly similar 

to some echinoderm (dipleurula) larvae and provides the 

chief structural evidence for assuming a close evolutionary 

relationship between hemichordates and echinoderms. Like 

many echinoderm larvae, the tornaria has an anterior proto- 

coel from which a short pore canal extends to a hydropore on 

the left side of the dorsal midline (Fig. 27-8G). These struc- 

tures together with a small pulsatile vesicle (the presumptive 

pericardium) form the larval nephridium and are the develop- 

mental anlagen of the adult heart-kidney. 

PTEROBRAN CHI Ac 
 =     

The pterobranchs, or sea angels, are colonial, tube-dwelling 

hemichordates that attach to hard substrata and superficially 

resemble bryozoans and hydroids. As in these other two taxa, 

pterobranch zooids are small, not exceeding 5 mm in body 

length (Cephalodiscus), and many species are less than 1 mm 

long. Despite their small zooid size, pterobranch tissues and 

organs are similar to those of their larger relatives, the enter- 

opneusts. Because of these similarities, only the distinctive fea- 

tures of pterobranchs will be described in the following sections. 

Pterobranchs are uncommon marine animals that occur 

infrequently in shallow water on the surfaces of shells and 

rocks. More often, they are dredged from deep water and are 

best known from the seas around Antarctica. There is growing 

evidence, however, that pterobranchs are widespread, but eas- 

ily overlooked, in shallow tropical and temperate seas, includ- 

ing along the coasts of Florida and Bermuda. The 22 species 

of pterobranchs belong to three genera: Cephalodiscus, 

Atubaria, and Rhabdopleura. The tubeless Atubaria, however, 

closely resembles a Cephalodiscus zooid that has abandoned its 

tube, which Cephalodiscus zooids often do, and is known only 

from preserved collections dredged from a depth of 200 to 

300 m off the coast of Japan. 

ZOOID FORM AND FUNCTION 
Each tripartite zooid consists of an anterior oral shield (pro- 

tosome), a short collar (mesosome), and a saccate trunk 

(metasome) (Fig. 27-5C, 27-9C). The broad oral shield is 

a disclike glandular creepsole on which the zooid glides over 

the inner surface of its tube. The short collar region dorsally 

bears two or more arms, each with pinnately arranged tenta- 

cles. In Cephalodiscus, 2 to 18 arms, varying with body size and 

species, radiate from the collar to form a spherical basket 

above the zooid (Fig. 27-10C), whereas in Rhabdopleura (Fig. 

27-9C), two long arms are held in an upright V above the 

tube opening. These two arms with their tentacles, arising 

from the shoulderlike collar, resemble angel wings and are 

FIGURE 27-9 The pterobranch Rhabdopleura. A and B, Colonial organization. C, Feeding position of a zooid 

with the oral shield folded over the tube rim. While in this position, the oral shield secretes a new tube section, 

several of which are shown in D. (A, Redrawn after van der Horst, C.J. 1939. Hemichordata. In Bronn, H. C. (Ed.): Kl. 

Ord. Tierreichs. 4:1-735.) 
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FIGURE 27-10 The pterobranch Cephalodiscus. A and B, Colonial organization. Zooids emerge from open- 
ings in the coenecium and perch on branch tips while feeding (B). The leftmost zooid in B occupies the common 
coenecium but belongs to a colony separate from that of the other zooids. C, Feeding posture. (A, Modified and 

redrawn from van der Horst, C.J. 1939. Hemichordata. In Bronn, H. C. (Ed.): Kl. Ord. Tierreichs. 4:1-735. B and C, Modi- 

fied and redrawn after Lester, S. M. 1985. Cephalodiscus sp. (Hemichordata: Pterobranchia): Observations of functional mor- 

phology, behavior and occurrence in shallow water around Bermuda. Mar. Biol. 85:263-268.) 

responsible for the common name “sea angel.” A pair of cili- 

ated collar folds, the oral lamellae, occurs at the base of the 

arms, one lamella on each side of the mouth (Fig. 27-10C). 

A pair of large, valved, ciliated pores, the mesocoel pores, 

one from each of the paired collar coeloms, opens laterally at 

the collar-trunk boundary (Fig. 27-10C). In addition, a single 

pair of gill pores opens immediately beside the mesocoel 

pores in Cephalodiscus. The surface gill pores correspond to a 

pair of circular gill slits in the pharyngeal wall, but ptero- 

branchs lack an atrium between the slits and pores. Gill slits 

and pores are absent in Rhabdopleura. Ventrally, the trunk 

bears a conspicuous fleshy, muscular stalk, which quickly 

retracts zooids into their tubes and unites zooids into a colony 

(Fig. 27-5C, 27-9B, 27-10B,C). 

COLONY FORM AND LOCOMOTION 
Pterobranch colonies are composed of few to many zooids. 

The colonies inhabit a network of cuticular tubes called a 

coenecium that is secreted by gland cells on the oral shields of 

the zooids. In Rhabdopleura, the coenecium is a network of 

prostrate tubes on the substratum that gives rise to unbranched 

vertical tubes, each of which has a simple circular opening and 

is occupied by a single zooid (Fig. 27-9A,B). The zooids are 

separated from each other by coenecial bulkheads called tube 

septa, which are bridged solely by a threadlike stolon of living 

tissue that runs through the prostrate tubes and connects the 

zooids (Fig. 27-9B). New zooids bud from the stolon. Most 

colonies of Rhabdopleura are between 1 and 25 cm in diameter 

and 5 to 10 mm in height. 

The coenecium of some Cephalodiscus species resembles that 

of Rhabdopleura, but typically is larger (Fig. 27-10A). In others, 

however, the coenecium is a bulky, cakelike mass that reaches 

30 cm in diameter and 10 cm in height. The tube openings may 

have smooth, circular rims, as in Rhabdopleura (Fig. 27-9D), but 

in many species the rim bears one or more long spines on 

which the zooids perch while feeding (Fig. 27-10B,C). 

A Cephalodiscus coenecium is occupied by many non-inteijoined 

clusters (colonies) of zooids. Thus, a single coenecium of 

Cephalodiscus contains an aggregation of colonies. It is not 

known if these are genetically related. The zooids in each clus- 

ter are connected by their stalks to a common adhesive disc, 

which anchors them to the interior of the tube (Fig. 27-1 OB). 

Individual zooids move to and from their feeding apertures 

and within the coenecium by gliding on the ciliated ventral 

surface of the oral shield. As they move about, they remain 

tethered to the stolon (as in Rhabdopleura) or adhesive disc (as 

in Cephalodiscus) by their contractile stalks, which can be 

stretched to 10 times their contracted lengths. The adhesive 

disc of each Cephalodiscus colony is motile, like a zooid’s oral 
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shield, and glides over surfaces with its zooids in tow. Under 

certain conditions, the adhesive disc and its attached zooids 

abandon the coenecium, creep over the substratum, and 

secrete a new coenecium. 

BODY WALL AND INTERNAL FORM 
The pterobranch body wall is similar to that of enter- 

opneusts, but in pterobranchs, the cells are always monocili- 

ated (Fig. 27-2). The musculature consists of longitudinal 

and radial fibers only; circular body-wall muscles are absent 

(Fig. 27-5C). The radial muscles are common in the oral 

shield, collar, and arms. The chief longitudinal muscles are a 

pair of smooth stalk retractors that draw the zooid into the 

coenecium, cross-striated tentacular muscles that flick the 

tentacles toward the food groove on the arm, and cross- 

striated dilator muscles of the mesocoel ducts that open duct 

valves. 

All of the cells lining the coelom, including the epithe- 

liomuscular cells, are monociliated and help to circulate the 

coelomic fluid. Some mesothelial cells on the gut wall store 

nutrients. A heart-kidney, supported by a stomochord, occurs 

in the unpaired protocoel, which opens to the exterior via two 

tiny protocoel pores, one on each side of the dorsal midline. 

Cilia in the large mesocoel ducts and pores transport coelomic 

fluid to the exterior and may have an excretory function. 

The anatomy of the pterobranch hemal system is imper- 

fectly known, but the major vessels include a heart, a dorsal 

blood vessel, an enlargement of the dorsal vessel in the trunk 

to form a genital blood sinus around the gonad, and a ventral 

vessel (Fig. 27-5C). Smaller blood vessels are known to occur 

(for example, one extends into each tentacle), but details 

of the circuit and flow direction of the colorless blood are 

unknown. All blood vessels and sinuses are simple, unlined 

channels in the connective tissue between epithelia. Gas 

exchange most likely occurs across the arms, tentacles, and 

general body surface, all of which are ciliated and generate 

water flow over the body surface. 

The nervous system is entirely intraepidermal and a hollow, 

submerged collar cord is absent, although a collar ganglion 

occurs dorsally in the mesosome (Fig. 27-5C). A dorsal nerve 

extends anteriorly and posteriorly from the collar ganglion. 

Each arm receives a branch from the anterior nerve, which in 

turn provides a nerve to each tentacle. The tentacular nerves 

are probably both motor and sensory. From the collar gan- 

glion, a nerve ring (or rings) surrounds the pharynx and joins 

a nerve net in the ventral oral shield and a ventral nerve cord 

that extends posteriorly into the stalk. 

Innervation of the muscles apparently occurs by diffusion 

of neurotransmitters across the epidermal basal lamina to the 

coelomic epitheliomuscular cells. Individual ciliated sensory 

cells are scattered on the surface of the tentacles and perhaps 

elsewhere on the body. 

DIGESTIVE SYSTEM AND NUTRITION 
Pterobranchs suspension feed using their hollow, ciliated 

arms and tentacles, which constitute an upstream collecting 

system. Lateral cilia on the tentacles create a flow of water 

and particles over the frontal surface of the tentacles and 

arms (Fig. 27-1OC). Small particles are intercepted on the 

frontal upstream surfaces or batted onto them by the flick- 

ing tentacles. Once captured, frontal cilia transport the par- 

ticles down the length of the arms to a ciliated groove that 

passes under the oral lamellae before joining the mouth. 

The undulating oral lamellae probably direct food into the 

mouth and remove excess water, thus concentrating the 

food before it is swallowed. The downstream (abfrontal) sur- 

face of the arms transports large inedible particles away 

from the mouth to the arm tips, where they are released 

into the exhaust flow. 

Feeding zooids of Rhabdopleura grip the rim of the tube 

opening with the oral shield and extend the arms and tenta- 

cles, which resemble two feathers, into the surrounding water 

(Fig. 27-9C). As feeding continues, each zooid rotates around 

the tube rim, thus exposing the frontal surface of its feeding 

apparatus to all compass directions. Like Rhabdopleura, 

Cephalodiscus also collects suspended particles from 360° 

around the zooid body, but it does not rotate around its tube 

aperture. In Cephalodiscus, the multiple arms are arranged, like 

meridians, to form a radially symmetrical feeding sphere that 

gathers particles from all directions. 

Pterobranchs have a U-shaped gut (Fig. 27-5C). The 

mouth is located ventrally under the posterior margin of the 

oral shield and the anus is mid-dorsal on the trunk, immedi- 

ately behind the collar. Cilia transport food through the gut. 

Food entering the mouth enters a short pharynx, which in 

Cephalodiscus has one pair of gill slits, presumably to elimi- 

nate excess water from the food. Food passes from the phar- 

ynx into the saccate stomach situated posteriorly and 

ventrally in the trunk. From the posterior end of the stom- 

ach, the slender intestine bends dorsally and then extends 

anteriorly to a short hindgut that joins the anus. Digestion 

probably occurs in the stomach, and fecal pellets are formed 

in the intestine. Absorption may occur in the stomach and 

part of the intestine. 

REPRODUCTION AND DEVELOPMENT 
Pterobranch zooids arise asexually by budding from the stolon 

(Rhabdopleura; Fig. 27-9B) or adhesive disc (Cephalodiscus; Fig. 
27-1 OB) during colony growth. Moreover, an individual adhe- 

sive disc of Cephalodiscus is capable of fragmentation or fission 

to form new colonies. 

Pterobranch colonies are hermaphroditic, but their com- 

ponent zooids are usually male, female, or neuter. The fertile 

zooids, which have one (as in Rhabdopleura) or two (as in 

Cephalodiscus) gonads, are often sexually dimorphic. In Ceph- 

alodiscus sibogae, for example, male zooids have only rudimen- 

tary arms and tentacles and much of the trunk is occupied by 

the large testes. Females function as feeding zooids and sup- 

port the males. Male and neuter zooids of Rhabdopleura nor- 

mani, however, retain fully developed arms and tentacles, but 

those of female zooids are reduced (Fig. 27-9B) and the 

males are the feeding zooids. The details of fertilization are 

not fully known, but the ripe males probably release sperm 

or spermatophores into the water and females oviposit in 

the coenecium. Fertilization is probably external in the 

coenecium, but there are unconfirmed reports of internal 

fertilization. In any case, developmental stages are brooded in 
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rudiment 

Cocoon 

FIGURE 27-11 Pterobranchia: development, larvae, and larval metamorphosis. A-D, The yolky eggs of Rhab- 

dopleura show a form of biradial cleavage (D) leading to a ciliated, lecithotrophic larva (E and F). The ventral fur- 

row of the larva is not the blastopore, but rather the invaginated oral shield rudiment. G-J, After a brief swim- 

ming existence, the larva settles, secretes a cocoon (a coenecium rudiment, G), and gradually differentiates into a 

feeding zooid that produces other colony members by budding. (Modified and redrawn after Lester, S. M. 1988. Set- 

tlement and metamorphosis of Rhabdopleura normani (Hemichordata: Pterobranchia). Acta Zool. 69:111-120.) 

a modified part of the coenecium. In Rhabdopleura normani, 

embryos are brooded in the lower part of a coiled vertical 

tube occupied by the nonfeeding female zooid (Fig. 27-9B). 

Cleavage is initially biradial but soon becomes bilateral and 

results in a coeloblastula (Fig. 27-11A-E). Gastrulation is by 

ingression or delamination, and the coelom forms by schizo- 

coely before the gut differentiates. 

The embryos develop into short-lived, uniformly ciliated, 

lecithotrophic larvae that are released from the coenecium 

into the sea (Fig. 27-1 IF). After a brief swimming existence 

of a day or two, each larva settles and encapsulates itself in 

a cocoon (a coenecium rudiment) that is attached to the 

substratum. A gradual metamorphosis results in a single 

zooid, which breaks through the upper wall of the cocoon, 

feeds, secretes a new coenecium, and founds a new colony 

(Fig. 27-11 G-J). 

PHYLOGENY OF HEMICHORDATA 
AND DEUTEROSTOMIA  

Perhaps because we humans are especially curious about our 

own deuterostome ancestry, researchers have sustained an 

intense interest in the phylogeny of Deuterostomia for 

150 years. With only three major taxa to consider—Hemi- 

chordata, Echinodermata, Chordata—you might think that 

deuterostome phylogeny would have been settled long ago, 

but nothing could be further from the truth. Even today, 

deuterostome phylogeny remains unresolved and key ques- 

tions center on the pattern of relationships among the three 

major taxa, the nature of the deuterostome ancestor, the 

evolutionary origin of chordates, and the relationships of 

Chaetognatha and Lophophorata to deuterostomes. As dis- 

cussed in Chapter 26, chaetognaths are probably protostomes 

despite their tricoelomic anatomy and a deuterostome-like 

secondary morphogenesis of the mouth. The uncertain 

alliance of lophophorates to deuterostomes or protostomes or, 

for that matter, to each other, is discussed in Chapters 9 

and 25. A discussion of chordate evolution will be considered 

in Chapter 29, but here we provide two (of several) alternative 

phylogenies of Deuterostomia based on classical and contem- 

porary research. 

Phylogeny One (Fig. 27-12A) positions echinoderms and 

pterobranchs at the base of the tree. Both of these taxa primi- 

tively suspension feed using outgrowths of the mesosome 

(arms and tentacles in pterobranchs, arms and tube feet in 

echinoderms). The assignment of a planktotrophic dipleu- 

rula larva to the deuterostome ancestor suggests that the 

adult was large and perhaps more like an echinoderm than 

a pterobranch, because the latter produces only a few eggs 

that undergo lecithotrophic development. The remainder of 

the tree depicts a gradual, stepwise evolution of gill slits, be- 

ginning with pterobranchs and culminating in the filter- 

feeding pharynx of chordates. The tree, therefore, implies an 

evolutionary transition from suspension-feeding tentacles to 

a filter-feeding pharynx. Phylogeny One also denies the 

monophyly of Hemichordata, recognizing it instead as a para- 

phyletic taxon. 

Phylogeny Two, although based chiefly on morphology, 

incorporates recent data from molecular systematics and 

other molecule-based disciplines (Fig. 27-12B). It divides 

Deuterostomia into two sister taxa, Hemichordata + Echino- 

dermata (N.N.) and Chordata. In this phylogeny, a plankto- 

trophic, dipleurula-like larva (the tornaria of enteropneusts) 

is regarded as a synapomorphy of hemichordates and echino- 

derms. A lecithotrophic larva, on the other hand, is hypoth- 

esized to have been in the deuterostome ground plan. Like 

Phylogeny One, Phylogeny Two accepts recent evidence that 
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FIGURE 27-12 Competing phylogenies of Hemichordata and Deuterostomia. A, Phylogeny One. 1, Deuterostomia: Blastopore becomes anus, heart- 
kidney is in protocoel, trimeric body, dipleurula. 2, Echinodermata: Has pentamerous symmetry, stereom ossicles, water-vascular system, mutable connec- 
tive tissue. 3, Stomochordata: Has a stomochord. 4, Rhabdopleura: Colonial zooids arise singly from a stationary creeping stolon. 5, Pharyngotremata: Has 
gill slits. 6, Cephalodiscus: Colonial zooids arise from a common, motile adhesive disc. 7, Cyrtotreta: Branchiomery (multiple paired gill slits). 8, 
Enteropneusta: Has a proboscis skeleton, brominated mucus. 9, Chordata: Has a notochord, dorsal hollow nerve cord, endostyle. B, Phylogeny Two. 
1, Deuterostomia: Has a trimeric body, endodermal suspension-feeding pharynx with multiple paired gill slits (branchiomery) discharging into an ectoder- 
mally derived atrium, branchiomeric metanephridia, a protocoelic metanephridial system with a pericardial cavity (heart-kidney), mesocoel ducts open in 
common with first gill pores, dorsal gonads and gonoducts, enterocoely, blastopore becomes anus, lecithotrophic larva. 2, N. N.: Has planktotrophic larva 
with circumoral ciliary band (dipleurula), upstream removal of food particles. 3, Hemichordata: Has dorsal and ventral longitudinal nerve cords, stomo- 
chord antagonizes contractile pericardium, valved collar (mesocoel) ducts, muscular locomotory-secretory protosome. 4, Enteropneusta: Has a proboscis 
skeleton, collar cord (neurocord), brominated mucus, a locomotory telotroch on a dipleurula-like larva (tornaria), loss of branchiomeric nephridioducts (or 
appropriation by gonads?). 5, Pterobranchia: Colonial growth with small zooids, coenecium, suspension-feeding tentacles replace suspension-feeding 
pharynx, one pair of gill slits. 6, Cephalodiscus: Zooid tentacles form suspension-feeding sphere, colonies motile on common adhesive disc and can vacate 
coenecium. 7, Rhabdopleura: Gill slits absent, unpaired gonad, one pair of zooid tentacles, oral shield folds over tube rim and rotates body while feeding, 
colonies fixed in coenecium, separated by tube septa. 8, N. N.: Bilateral asymmetry, calcareous endoskeleton that antagonizes pericardium, calcitic 
stereom ossicles. 9, Homalozoa: Gill slits on only one side of body. 10, Echinodermata: Pentamerous symmetry, water-vascular system, mutable connective 
tissue, loss of gill slits and atrium. 11, Chordata: Has a dorsal hollow nerve cord with an open anterior neuropore, notochord, pharynx with endostyle, pro- 
tocoelic heart-kidney is absent, has a ventral postoral heart, fins, cross-striated longitudinal muscles produce lateral undulations for swimming. (A, Modi- 
fied and redrawn from Ax, P. 2001. Das System der Metazoa III. Ein Lehrbuch der phylogenetischen Systematic Spektrum Akademischer Verlag, Heidelberg. 283 pp.) 
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PHYLOGENETIC HIERARCHY OF HEMICHORDATA 

AND DEUTEROSTOMIA 

Phylogeny One Phylogeny Two 

Deuterostomia Deuterostomia 

Echinodermata N. N. 

Stomochordata Hemichordata 

Rhabdopleura Enteropneusta 

Pharyngotremata Pterobranchia 

Cephalodiscus N. N. 

Cyrtotreta Homalozoa (extinct) 

Enteropneusta Echinodermata 

Chordata Chordata 

deuterostome gill slits are homologous structures. However, it 

proposes the additional hypothesis that an extinct echino- 

derm-like taxon (Homalozoa; Fig. 28-61), species of which 

lived 600 to 400 million years ago, may have had gill slits that 

were subsequently lost in their living echinoderm descen- 

dants. If homologous gill slits occur in hemichordates, extinct 

echinoderms, and chordates, then the likelihood is high that 

gill slits occurred in the deuterostome ancestor. Thus, Phy- 

logeny Two suggests an enteropneust-like ancestor for the 

deuterostomes. It further implies that the pterobranchs may 

have departed from pharyngeal feeding in favor of tentacular 

feeding in response to a reduction in body size. 
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or a curious beachcomber, the discovery of a stranded 

sea star or sea urchin, two symbols of the sea, places the mind 

at the threshold of wonder. Echinoderms could be variations 

on celestial stars that fell to Earth as extraterrestrials, so extra- 

ordinary is their form and function. But echinoderms are 

descendants of a bilaterally symmetrical deuterostome that 

over the course of eons adopted radial symmetry and became 

very different from all other bilaterians. A glimpse of that evo- 

lutionary journey excites the intellect as much as the discovery 

of a sand dollar delights the senses. And between first discov- 

ery and evolutionary perspective are opportunities to solve the 

myriad mysteries of echinoderm biology and ecology. 

GENERAL BIOLOGY  
The approximately 6000 living species of sea stars (Fig. 28-1), 

brittle stars, sea urchins, sand dollars, sea cucumbers, and sea 

lilies <are all marine and mostly bottom dwellers, as were the 

approximately 13,000 extinct species that flourished as long 

ago as the early Cambrian, 545 mya. Echinoderms fossilize well 

because their endoskeleton is composed of calcareous ossicles. 

The ossicles may articulate with one another, as in the flexible 

sea stars and brittle stars, or may be fused together to form a 

rigid skeletal test, as in sea urchins and sand dollars. Com- 

monly, skeletal elaborations project outward as spines or warts 

that are responsible for the name echinoderm, meaning “spiny 

Tube feet 

FIGURE 28-1 Echinodermata: pentamerous symmetry and the 

water-vascular system. A sea star attached by its five rows (ambulacra) 

of tube feet to the glass wall of an aquarium. 

skin.” The ossicles are located in a well-developed connective- 

tissue dermis, which itself provides skeletal support. 

Unlike any other animals, echinoderms can reversibly vary 

the rigidity of their dermis and general connective tissue. 

Echinoderms are thus said to have catch, or mutable, connec- 

tive tissue (Fig. 28-2). The extremes of rigidity are almost as 

great as water and ice. When a sea star arches over a clam 

to feed, it stiffens its connective tissue and the body then 

becomes a rigid scaffold against which the attached tube feet 

pull on the clam’s valves. After feeding, the sea star softens its 

connective tissue, becomes flexible, flattens against the sub- 

stratum, and moves away. Sea urchins, by stiffening ligaments 

at the base of their movable spines, can fix the spines like 

pikes to ward off attackers or to wedge themselves tightly in 

rock crevices. Linder conditions of stress, brittle stars and sea 

cucumbers voluntarily cast off (autotomize) arms or cast out 

viscera (eviscerate) by a local softening of their connective tis- 

sue that causes the affected region of the body to loosen and 

detach. In the extreme, as when some sea cucumbers are 

removed from water and exposed to air, the entire body soft- 

ens and disintegrates and the animal dies (Fig. 28-2). 

The physiological control of mutable connective tissue and 

the molecular mechanisms of hardening and softening are 

active areas of modern research with clinical implications for 

certain types of human connective-tissue disorders, such as 

arthritis. Although the echinoderm dermis contains muscle, 

nerve, and other types of cells, it is the extracellular matrix 

that changes in stiffness, and nerves have been found to termi- 

nate in the extracellular matrix itself. Apparently, two types of 

nerves are present: one whose action may harden the matrix, 

and another whose action softens it. The stiffness of the 

matrix is affected by changes in Ca2+ concentrations and by 

experimental manipulations of other cations. In general, an 

increase in the Ca2+ concentration stiffens the matrix; a 

decrease softens it, suggesting that Ca2+ may form bridges 

between macromolecules in the matrix. 

The radial symmetry of echinoderms is called pentamerous 
symmetry because the body can be divided into five similar 

parts arranged around a central axis (Fig. 28-1). This radial 

symmetry, however, evolved within the echinoderms (as an 

autapomorphy) and does not indicate a close evolutionary 

relationship with, for example, the cnidarians. 

Like the members of their sister taxon, Enteropneusta, 

echinoderms are tricoelomate, and some of the coelomic cavi- 

ties develop diverticula that adopt unique functions. The most 

conspicuous of these is the water-vascular system, which 

includes tubular outgrowths of the body wall (the tube feet; 

Fig. 28-1) that are used for locomotion, feeding, gas exchange, 

and other tasks. The hemal system has little or no role in gas 

transport and the blood ebbs and flows tidally in most vessels 

rather than flowing in the unidirectional circuit of most other 

bilaterians. Some echinoderms have an organ (the function- 

ally integrated heart, axial canal, and axial hemal vessel) that 

is homologous with the hemichordate heart-kidney, but its 

role in excretion is dubious. Other echinoderms lack this 

organ altogether, and all echinoderms seem to have tissue- 

level excretion. 

Echinoderms are generally large animals that develop many 

types of specialized gills to supplement the gas-exchange surface 

of the body. Tube feet are gill surfaces found in all echinoderms 
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FIGURE 28-2 Echinoderm mutable connective tissue: the sea cucumber Stichopus chloronotus. A, When first 

touched or handled, the animal stiffens the connective tissue and hardens its body wall, but after being rubbed 

vigorously, the body wall becomes so soft that it flows between the fingers of the experimenter (B). 

AURICULARIA 

Skeletal ossicle 

ECHINOPLUTEUS 

Skeletal rod 

Skeletal rod 

Skeletal plate 

OPHIOPLUTEUS 

DOLIOLARIA 

FIGURE 28-3 Hypothetical generalized 

echinoderm dipleurula larva (center) and 

actual echinoderm larvae, ail in ventral view. 

Counterclockwise from top: Auricularia of 

a sea cucumber (Holothuroidea); early larva 

(bipinnaria) of a sea star (Asteroidea); settling- 

larva (brachiolaria) of a sea star; doliolaria larva 

of a feather star (Crinoidea); ophiopluteus larva 

of a brittle or serpent star (Ophiuroidea); 

echinopluteus larva of a sea urchin (Echinoidea). 

All larvae are planktotrophs, except the 

lecithotrophic crinoid doliolaria. All larvae swim 

toward the top of page. (Modified from Ubaghs, G. 

1967. General characteristics of Echinodermata. In 

Moore, R. C. (Eds.): Treatise on Invertebrate 

Paleontology. Pt. S. Vol. 1. Courtesy of the Geological 

Society of America and the University of Kansas, 

Laivrence. pp. S3—S60.) 
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and each major taxon usually has its own additional specialized 

gill. Most echinoderms are gonochoric with external fertiliza- 

tion. Their planktotrophic larva, known generally as a dipleur- 

ula, closely resembles the enteropneust tornaria, except that the 

dipleurula lacks a telotroch and ocelli (Fig. 28-3). 

DEVELOPMENTAL ORIGIN OF 
PENTAMEROUS SYMMETRY  

Echinoderm development, as in deuterostomes in general, 

includes radial cleavage, regulative development, and entero- 

coelous origin of the coelcvmic cavities. The blastopore 

becomes the anus and the mouth forms as a secondary invagi- 

nation of ectoderm that fuses with the advancing tip of the 

archenteron to complete the gut. The planktotrophic dipleur- 

ula adopts a unique form (and name) in each of the echino- 

derm taxa, but it is always bilaterally symmetric externally (Fig. 

28-3), in contrast to the pentamerous symmetry of the meta- 

morphosed juvenile and adult (Fig. 28-1). The unique adult 

symmetry can best be understood by tracking the changes that 

occur during larval metamorphosis. 

It is difficult to generalize about echinoderm metamor- 

phosis because the patterns differ in each major taxon and 

sometimes even between species. The following generalized 

description, although based on the metamorphosis of a larval 

sea star (Asteroidea), is partly hypothetical and should be 

regarded chiefly as a learning aid. The names of many larval 

and adult structures in this description will be unfamiliar at 

this point in the chapter, but the general pattern of metamor- 

phosis should be evident from the text and illustration (Fig. 

28-4). Later, after studying the appropriate chapter sections, 

you can reread this description and better understand the link 

between larval and adult anatomy. 

Echinoderm metamorphosis typically includes two major 

events, a body-axis shift and a twisting, or torsion, of the body 

around the new axis. For example, within a sea star larva, the 

developing juvenile, called a juvenile rudiment, differentiates 

from two tissue sources: a mass of embryonic reserve cells and 

transformed larval tissue. The body axis of the differentiating 

rudiment is shifted 90% from the larval anterior-posterior axis 

(Fig. 28-4A,C). As development proceeds, most of the bilater- 

ally symmetric larval coeloms (paired protocoels, mesocoels, 

and metacoels) are modified and incorporated into the rudi- 

ment. The left mesocoel and both metacoels undergo torsion, 

winding into rings around the new body axis as the right 

mesocoel degenerates (Fig. 28-4B). The ringlike left mesocoel 

and its outgrowths become the water-vascular system (WVS) 

and the fused doughnutlike metacoels enclose the viscera 

and occupy the hollow arms as the perivisceral coelom (Fig. 

28-4C). A diverticulum from the left metacoel twists around 

the body axis to form the genital ring canal associated with the 

gonads (Fig. 28-4B,C). The left larval protocoel, pore canal, 

and hydropore transform into the juvenile stone canal and 

madreporite, which link the water-vascular system to the exte- 

rior; they also produce the axial canal (axial sinus), axial 

hemal vessel (axial gland), and hyponeural coelomic cavities 

(Fig. 28-4). The right protocoel largely degenerates, but a 

small vestige, called the pulsatile vesicle (dorsal sac), forms the 

heart. In echinoderm terminology, the protocoel is called the 

axocoel, the mesocoel is the hydrocoel, and the metacoel is 

the somatocoel. 

Larval 
body axis 
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ring canal 
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Mouth 
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FIGURE 28-4 Generalized echinoderm larval metamorphosis: developmental origin of pentamerous 

symmetry. A, Left-side view of the larval gut and coeloms. B, Beginning of torsion (left mesocoel and left and 

right metacoels twist). C, Metamorphosing larva attaches to the substratum as the torsional twists of the coeloms 

are completed and the juvenile rudiment adopts the new adult body axis. 
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The transformation of the bilateral larva to a pentamerous 

adult is shown diagrammatically in Figure 28-4. Although the 

details of metamorphosis differ among echinoderm taxa, there 

is little doubt that the developmental change in body symmetry 

reflects a similar evolutionary shift in the remote past. The 

question then is, “Under what conditions is radial symmetry 

superior to bilateral symmetry?” If your answer is, “When a 

taxon adopts a sessile, suspension-feeding lifestyle,” you are in 

the good company of generations of biologists. Indeed, the 

standard explanation for echinoderm pentamerous symmetry is 

that the echinoderm ancestor, although ultimately descended 

from a motile bilaterian, was a sessile suspension feeder, and 

paleontology and biology both support this interpretation. Ses- 

sility and suspension feeding are primitive echinoderm traits 

retained by the living crinoid sea lilies. 

The final step in the evolutionary scenario is the secondary 

readoption of motility by the once-sessile echinoderms. Today, 

all major living taxa of echinoderms are at least partly motile, 

a lifestyle that favors bilateral symmetry. Few motile echino- 

derms, however, have readopted bilateral symmetry, although 

examples are found among the sea cucumbers, sand dollars, 

and heart urchins. 

ELEUTHEROZOA  
Eleutherozoans are the sea stars, brittle stars, sea urchins, and 

sea cucumbers. These echinoderms are all motile and primi- 

tively oriented with their oral surface against the substratum. 

The sister taxon of Eleutherozoa is Crinoidea, the sessile sea 

lilies, which will be discussed later in this chapter. 

ASTEROIDEAc 

The 1500 living species of asteroids are the sea stars, or 

starfishes. Their star-shaped, free-moving body consists of hol- 

low arms, or rays, projecting from a central disc (Fig. 28-5). 

Asteroids are common animals that crawl about over rocks 

and shells or live on sandy or muddy bottoms. They occur 

worldwide, largely in coastal waters, but the northeast Pacific 

Ocean, particularly from Puget Sound to the AJeutian Islands, 

has the greatest diversity of asteroids with over 70 species. Sea 

stars commonly are red, orange, blue, purple, or green or 

exhibit combinations of colors. 

Form 
Sea stars typically are pentamerous animals and most species 

have 5 arms, although sun stars have 7 to 40 or more (Fig. 

28-5B). Most asteroids range from 12 to 24 cm in diameter, 

but some are less than 2 cm, and the many-rayed star Pycnopo- 

dia helianthoides of the northwest coast of the United States 

and the west coast of Canada may measure almost 1 m across. 

Asteroid arms generally widen at their base and grade 

smoothly into the central disc. In the cushion stars, Plinthaster' 

and Goniaster, each arm has the shape of an isosceles triangle, 

in Culcita (Fig. 28-5C), the arms are so short that the disc is a 

pentagon, and among the tiny deepwater sea daisies (Xylo- 

plax), the armless body is a circular disc (Fig. 28-8A). 

The mouth is located centrally on the underside of the 

disc, which is called the oral surface, and is in contact with 

the substratum. A wide furrow, or ambulacrum (ambulacral 

groove), extends radially from the mouth along each arm 

(Fig. 28-1). Each ambulacrum contains two or four rows of 

small, tubular projections called tube feet, or podia. The mar- 

gins of the ambulacra are guarded by movable spines that can 

close over it (ambulacrum = covered path). The tip of each 

arm terminates in one or more small, tentacle-like sensory 

tube feet and a red eyespot (Fig. 28-6A). 

The upper, aboral surface bears the inconspicuous anus 

(when present) in the center of the disc and a large, button- 

like madreporite on one side of the disc between two of the 

arms. The general body surface may be smooth or covered 

with spines, tubercles, or ridges. In some species the arms and 

disc are bordered by large marginal plates (Fig. 28-5A). 

Body WaS! and Skeleton 
The body wall consists of a thin cuticle, a monolayered epi- 

dermis, a thick connective-tissue dermis, and the coelomic 

epithelium of myoepithelial cells, which form the muscula- 

ture, and a peritoneum (Fig. 28-7). The ciliated cells of the 

epidermis and peritoneum typically are monociliated collar 

cells. The epidermis also includes nonciliated cells, secretory 

mucous cells, and sensory cells. Detritus that falls on the 

body is trapped in mucus and swept away by the epidermal 

cilia. The sensory cells and other neurons create an intraepi- 

dermal net, which is part of the ectoneural system (Fig. 

28-7). The dermis houses the skeletal ossicles, described 

below, and various connective-tissue cells, including the scler- 

ocytes that produce the skeletal ossicles (Fig. 28-7, 28-14). 

Within the coelomic lining is a network of chiefly motor neu- 

rons that constitute part of the hyponeural system (Fig. 

28-7), which innervates the muscles and mutable connective 

tissue (discussed later). 

The echinoderm endoskeleton is located in the dermis, as 

are the scales of fishes, and covered by the epidermis. It has 

two components: the collagenous connective tissue and the 

calcareous ossicles. The presence of ossicles in the dermis 

increases the rigidity of the dermis and provides attachment 

sites for muscles, but the connective tissue also plays an impor- 

tant skeletal role. 

OSSICLES 

Asteroid ossicles adopt a variety of shapes—spines, rods, plates, 

crosses (Fig. 28-8A)—and microscopically consist of a three- 

dimensional lattice called a stereom (Fig. 28-8B). The honey- 

combed structure of the ossicles may reduce weight, increase 

strength, and prevent running fractures. Although each ossicle 

is a composite of calcite microcrystals, it behaves optically 

(under polarized light) as a single crystal because all the micro- 

crystal axes are parallel. The ossicle forms intracellularly in 

a syncytium of fused dermal (mesodermal) sclerocytes. The 

labyrinthine spaces in the ossicles, collectively called stroma, 

allow the entry of sclerocytes for growth and modification of the 

stereom and for attachment of collagenous ligaments. The liga- 

ments suture ossicles together to create the skeletal framework 

(Fig. 28-9A, 28-10). Specialized phagocytes are capable of reab- 

sorbing calcite from ossicles. All ossicles, including those that 
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FIGURE 28-5 Echinoderm symmetry and asteroid diversity. A, Astropecten duplicatus, a burrowing sea star 

with marginal plates and aboral paxillae (aboral view). It feeds intraorally on clams and snails. B, The sun star 
Crossaster papposus (aboral view). Crossaster feeds extraorally on sea pens, molluscs, arid echinoderms. C, Oral 

view of Culcita, a sea star with very short arms that feeds on corals and other attached invertebrates. D, The 

Pacific coral-eating sea star, Acanthaster planci. It also feeds on sea anemones. 

project above the body surface, such as tubercles and spines 

(including the spines of sea urchins), are endoskeletal and thus 

are covered by epidermis. 

Some sea stars have specialized, compound, articulated 

ossicles called paxillae and pedicellariae. Paxillae cover the 

aboral surface of many asteroids such as Luidia, Astropecten, and 

Goniaster that burrow in sediment (Fig. 28-5A, 28-9C,D). Each 

paxilla resembles a miniature parasol with its handle attached 

to the surface of the animal and its umbrella-like crown un- 

furled above (Fig. 28-9C). The perimeter of the crown bears a 

fringe of tiny, movable spines. The crowns of adjacent paxillae 

abut one another and together create a “second skin” above 

the body wall proper. The water-filled space between this sec- 

ond skin and the body proper is protected from intrusion by 

sediment and contains the delicate gills and madreporite. The 

branchial space is ventilated by epidermal cilia (Fig. 28-9C). 

Pedicellariae are movable compound ossicles that function 

as forceps. They occur on the surface of asteroids such as 
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FIGURE 28-6 Asteroidea: sense organs and ambulacra of Asterias forbesi. A, Upturned arm tip showing the 

dark eyespot and slender sensory tube feet, which bear white suckers. B, Ambulacra! (oral) surface of the disc 

and one arm. 

Asterias, Pycnopodia, and Pisaster and are used primarily to 

defend the aboral surface against settling larvae or other small 

animals. These pedicellariae usually consist of a short, fleshy 

stalk surmounted by usually two, but sometimes three, small, 

movable ossicles arranged to form grasping jaws (Fig. 28-10, 

28-11C). The pedicellariae may be scattered over the aboral 

surface or localized to the surface of spines, commonly form- 

ing a wreath around the base of each spine (Fig. 28-11A,B, 

28-16B). Stalkless, sessile pedicellariae, each with two jaws, 

occur in a few species (Valvatida). 
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FIGURE 28-7 Diagrammatic section of the 

echinoderm body wall. 
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A B 

FIGURE 28-8 Echinoderm skeleton. A, Skeletal framework of a juvenile sea daisy, the asteroid Xyloplax 

turnerae, under polarized light. B, Honeycombed stereom structure of a crinoid ossicle (electron micrograph). 

The spaces within the ossicle constitute the stroma. 
o 

Water-Vascular System (WVS) 
The asteroid water-vascular system, like that of all echino- 

derms, consists of the hydraulic locomotor}7 tube feet and a 

pentamerous arrangement of internal coelomic canals (Fig. 28- 

12A). The internal canals include a circumoral ring canal, from 

which a radial canal extends into each arm. Perpendicular to 

the radial canal is a bilateral sequence of lateral canals, each 

of which terminates in a bulbous ampulla, tube foot, and 

sometimes, a sucker. A stone canal ascends aborally from the 

ring canal and opens into a small chamber, the madreporic 

FIGURE 28-9 Asteroidea endoskeleton. A, Lattice of skeletal ossicles in the arm of a sea star (Asteriidae). B, 

Small section of sea star endoskeleton (Paxillosida). C, Diagrammatic vertical section through the aboral body 

wall of Luidia showing three paxillae. The raised, table-shaped ossicles bear small, rounded spines on the surface 

and flat, movable spines around the edge. Branched papulae (black) are located in the spaces below the paxillae. 

D, Surface view of the paxillae of Astropecten (compare with Fig. 28-5A, 28-9C). (A, After Fisher from Hyman, L. H. 

1955; B, After Hyman, 1955. The Invertebrates. Vol. TV. McGraw-Hill Book Co., New York. Reprinted with permission.) 
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FIGURE 28-10 Asteroidea: pedicellaria. Functional anatomy of an 
Asterias pedicellaria. (Modified and redrawn from Hyman, L. H. 1955. The 

Invertebrates. Vol. TV. McGraiv-Hill Book Co., New York. Reprinted with 

permission.) 

ampulla, which joins the madreporite, a specialized, porous os- 

sicle on the surface of the disc. The pores of the madreporite 

open to the surrounding seawater. The often colorful and con- 

spicuous madreporite is irregularly furrowed and resembles a 

solitary stony (madreporarian) coral. The entire WVS is lined 

by a myoepithelium and thus is ciliated and muscular. The 

muscles are best developed in the ampullae and tube feet, and 

the ciliary flows in the internal canals function in transport. 

The WVS is well developed in asteroids and used for locomo- 

tion, adhesion, prey manipulation, and gas exchange. 

Each lateral canal has a valve and terminates in an ampulla 

and a tube foot (Fig. 28-12B,C). The ampulla is a small, muscu- 

lar sac that bulges into the perivisceral coelom. The ampulla 

opens directly into a canal that passes downward between the 

ambulacra! ossicles into the tube foot. The ambulacra! ossicles 

form the floor of the ambulacral groove and bulge inward to 

form the ambulacral ridge (Fig. 28-16A,C); a radial canal lies 

on the oral side of these ossicles (Fig. 28-12B,C). 

The tube feet project into the ambulacral groove (Fig. 

28-6B) and are arranged in two rows when the lateral canals 

are all of equal length or in four rows when they are alternately 

long and short. A well-developed longitudinal musculature lines 
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FIGURE 28-11 Asteroidea: pedicellariae. Fish-catching pedicellariae of Stylasterias forreri. A, A wreath of 
pedicellariae at rest around the spine. B, The wreath is raised when stimulated by potential prey. C, Scanning 
electron micrograph of jaws. B, basal piece; S, muscle attachment scar. (A and B, From Chia, F.-S., and Amerongen, H. 

1975. On the prey-catching pedicellariae of a starfish, Stylasterias forreri. Can.J. Zool. 53:748-755. Reproduced by 

permission of the National Research Council of Canada.) 
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FIGURE 28-12 
Asteroidea: water- 
vascular system and radial 
organs. A, Diagram of the 
water-vascular system. 
B, Diagrammatic cross 
section of a sea star arm. 
C, Enlargement of the 
ambulacral area of B. 

the ampulla and tube foot. Commonly, the tube-foot tip is ex- 

panded to form a sucker (Fig. 28-6B, 28-12A,B). 

The cyclic movement of each tube foot consists of exten- 

sion-attachment, force generation (pulling), and detachment- 

retraction. Extension occurs as the longitudinal musculature 

of the ampulla contracts, the valve in the lateral canal closes, 

and water is forced into the tube foot, which then elongates. 

When the tube foot contacts the substratum, the sucker 

adheres. Adhesion is largely chemical, with the tube foot 

secreting a substance that bonds with the surface. Another 

secretion later breaks the bond and releases the tube foot. 

(Recall the duo-gland adhesive systems of flatworms and gas- 

trotrichs.) When attachment is prolonged or a large force 

is generated, adhesion by suction may also occur. Once 

attached by its sucker, longitudinal muscles contract and 

exert a pulling force for locomotion or other purposes. The 

sucker then detaches and the contraction of longitudinal 

muscles retracts the tube foot as fluid is displaced into the 

ampulla. Contraction of longitudinal muscles on only one 

side of the tube foot bends the appendage. 

The internal canals of the WVS have two primary functions: 

circulation and fluid-volume maintenance for hydraulic func- 

tion. All ciliary flows in the WVS, including the tube feet, are 

bidirectional, so each canal or tube foot is simultaneously anal- 

ogous to both artery and vein. This circulation probably trans- 

ports oxygen from the tube feet to the internal tissues of the 

disc, and perhaps nutrients from the gut to the musculature of 

the tube feet (see Internal Transport). 

The ring canal is the hub of the system, where all the 

radial vessels intersect. Two organs that play a role in system 



882 Chapter 28 EchinodermataF 

maintenance are also situated here. On the inner circumfer- 

ence of the ring canal are five pairs of spongy pouches called 

Tiedemann’s bodies (Fig. 28-12A, 28-15). They are located 

interradially, between the arms. Tiedemann’s bodies function 

as lymph nodes, removing and destroying bacteria and other 

unwanted particulates in the WVS fluid. Also attached interra- 

dially to the inner side of the ring canal of many asteroids, but 

not Asterias, are one to five elongate, muscular sacs known as 

polian vesicles (Fig. 28-12A). Their function is uncertain, but 

they may be a fluid reservoir for the WVS as a whole or per- 

haps only for the oralmost tube feet, which often are much 

larger than the feet on the arms but have normal-size ampul- 

lae. 

The stone canal and madreporite help maintain the fluid 

volume of the WVS. The stone canal originates on the ring 

canal, ascends vertically to the aboral body surface, and 

joins the madreporic ampulla (shared by the axial canal; see 

Internal Transport), which opens to the exterior via the 

madreporite (Fig. 28-12A, 28-15). The stone canal is named for 

the calcareous ossicles in its wall. They support the canal wall as 

do the cartilagenous rings in your trachea. The madreporite is 

perforated by pores that lie in ciliated surface furrows. The cil- 

iary beat in the stone canal is bidirectional, but the inward- 

(oralward-) beating cilia are strongly developed and over- 

whelm the opposing cilia. This results in an inflow of seawater 

across the madreporite, down the stone canal, and into the re- 

mainder of the WVS. The stone canal is thus a ciliary pump 

that maintains the fluid volume of the WVS. Under normal 

conditions only a trickle of water enters the WVS via the 

madreporite and stone canal because the system ends blindly 

at the tube feet and back-pressure opposes inflow. But the pres- 

surized, thin-walled tube feet are leaky and some fluid recovery 

is required. The cilia on the surface of the madreporite knock 

away particles that might clog the pores or enter the WVS. 

Those that slip through the madreporite filter are removed by 

the Tiedemann’s bodies or phagocytic coelomocytes. 

The WVS fluid is similar to seawater except that it contains 

coelomocytes, some protein, and a higher concentration of 

K+. The dissolved proteins and elevated K+ concentration cre- 

ates an osmotic influx of water across the tube feet. Thus 

osmotic recovery of water by the tube feet and physical pump- 

ing by the stone canal combine to offset water losses from 

muscular pressurization of the tube feet. 

Locomotion 
During movement each tube foot performs a stepping 

motion. The tube foot swings forward, grips the substratum, 

and then moves backward. In a particular section of an arm, 

most of the tube feet are performing the same step and the 

animal moves forward. The action of the tube feet is highly 

coordinated. During progression one or two arms lead and 

the tube feet in all the arms move in the leading direction, but 

not all in unison. The combined action of the tube-foot suck- 

ers exerts a powerful adhesive force and enables the sea star to 

climb vertically over rocks or up the side of an aquarium. In 

general, sea stars move slowly and tend to remain within a 

more or less restricted area. 

If a sea star is turned over, it undergoes a righting reflex 
during which it regains its normal oral-side-down position 

(Fig. 28-13). The tips of one or two arms twist, bringing their 

tube feet in contact with the substratum. Once the substratum 

is gripped, these arms slowly crawl below the body, rolling it 

over onto its oral surface. A sea star may also right itself by 

arching its body, rising on the tips of its arms, and rolling onto 

its oral surface. 

FIGURE 28-13 Asteroidea: righting reflex. A, Asterias forbesi 

experimentally inverted to place the oral side up twists the tips of two 

arms to bring its tube feet into contact with the substratum. B, The two 

arms in contact with the substratum crawl under the inverted disc and 

the other three arms to flip the body onto its oral surface (C and D). 
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The tube feet of some soft-bottom inhabitants, such as 

Astropecten and Luidia, lack suckers because they would be useless 

on soft sediment. Instead the tip is pointed, adapting it to be 

thrust into the sand. These animals pole themselves along with 

their tube feet and some move relatively quickly for sea stars. 

Associated with this adaptation is the presence of bilobed ampul- 

lae, which provide additional force for driving the tube feet into 

the substratum. 

Gas Exchange 
Echinoderms in general are large animals that have little anaer- 

obic capacity and thus are sensitive to oxygen availability. To en- 

hance gas exchange, all have gills. Gills are hollow, thin, body- 

wall evaginations (or invaginations) that are ventilated with 

seawater externally and coelomic fluid internally. Coelomic 

fluid, not blood, is the transport medium for gases. Typically, 

each major coelomic cavity has its own separate, specialized 

gills. Tube feet are the gills for the WVS of all echinoderms, in- 

cluding asteroids. 

In asteroids, the specialized gills associated with the perivis- 

ceral coelom are called papulae, which are on the aboral sur- 

face of^he thick arms (Fig. 28-9B,C, 28-12B, 28-14, 28-15). 

A papula is similar to a tube foot, but it lacks a sucker and is 

a direct outgrowth of the perivisceral coelom, not of the WVS 

(Fig. 28-14). Sometimes papulae are branched, and in species 

with paxillae, they are in the water-filled branchial space below 

the “second skin” (Fig. 28-9C). Papulae supply oxygen to the 

perivisceral coelom, ventilating the gut, gonads, and muscles 

of the disc and arms. 

Nervous System 
The pentamerous echinoderm CNS consists of a circumoral 

nerve ring and five radial nerves that originate on the nerve 

ring and extend outward along the ambulacra (Fig. 28-15). 

The peripheral nervous system includes two intraepithelial 

FIGURE 28-14 Asteroidea: gills and body wall. A papula, which 
functions as a gill, and the aboral body wall in vertical section. (Modified 

from Cuenot, L. 1948. Echinodermes. In Grasse, P (Ed.): Traite de Zoologie, 

Voi. XI. Masson et Cie, Paris. Reprinted with permission.) 
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nets, the sensory ectoneural system in the epidermis and the 

motor hyponeural system in the coelomic lining (Fig. 28-7, 

28-12B.C). The two nets are connected by neurons that cross 

the dermis (Fig. 28-7). The nervous system lacks ganglia 

and glia. 

The nerve ring and radial nerves also have ectoneural (sen- 

sory) and hyponeural (motor) components. The ectoneural 

ring and radial nerves are in the epidermis whereas the 

hyponeural ring and radial nerves are in the coelomic lining of 

the hyponeural ring and radial canals (Figs. 28-7, 28-12B,C). 

The motor component of the radial nerve innervates the 

ampullae, tube feet, and body-wall muscles, while the sensory 

part receives input from the sense cells and organs. 

Experimental studies indicate that coordinated movement 

of the tube feet requires intact radial nerves and nerve ring. 

These structures initiate tube-foot stepping and control the 

direction of stepping. Each arm has a motor center, probably 

at the junction of the radial nerve and nerve ring. A leading 

arm exerts a temporary dominance over the nerve centers of 

the other arms. In the majority of sea stars, including Asterias, 

any arm can act as a dominant arm, and such dominance is 

determined by reaction to external stimuli. In a few species 

one arm is permanently dominant. Of all the reactions to 

external stimuli, contact of the tube feet with the substratum 

appears to be the most important and probably accounts for 

the righting reaction. 

The asteroid sense organs are the eyespots and tentacle-like 

sensory tube feet, both located at the arm tips (Fig. 28-6A). 

The eyespot is composed of a mass of 80 to 200 pigment-cup 

ocelli. Most asteroids are positively phototactic, but reactions 

vary among species. Individual sensory cells are widespread 

throughout the epidermis and probably function for the 

reception of light, tactile, and chemical stimuli. These cells 

are prevalent on the suckers of the tube feet and along the 

margins of the ambulacral groove, where 70,000 sensory 

cells/mm2 have been reported. 
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ampullae on each side. 
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Digestive System 
The pentamerous asteroid digestive system occupies most of 

the space in the disc and arms (Fig. 28-15, 28-16A). The mouth 

is located in the center of a tough, circular peristomial mem- 

brane that is muscular and has a sphincter. The mouth opens 

into a short esophagus that leads to a large stomach, which 

occupies most of the disc. The stomach is divided by a horizon- 

tal constriction into a large, oral cardiac stomach and a smaller, 

flattened, aboral pyloric stomach. The walls of the glandular 

cardiac stomach are pouched and connected to the ambulacral 

ossicles of each arm by a pair of triangular mesenteries called 

gastric ligaments. The smaller, aboral pyloric stomach, which is 

often star-shaped, receives ducts from a pair of pyloric ceca in 

each arm (Fig. 28-15, 28-16A). The pyloric ceca are elongate, 

hollow, branched extensions 'of the pyloric stomach (Fig. 

28-12B). Each cecum is suspended by a pair of dorsal mesen- 

teries in the perivisceral coelom of the arm. From the pyloric 

stomach, a short, tubular intestine joins the rectum, which 

opens at a minute anus in the center of the aboral disc. The 

rectum commonly bears several small or large outpockets 

called rectal ceca (Fig. 28-16A). The entire digestive tract is 

lined*with a ciliated gastrodermis, and the cilia in the ducts of 

the pyloric ceca create both incoming and outgoing flows. 

Gland cells occur throughout, but are particularly abundant in 

the cardiac stomach and pyloric ceca. 

Many asteroids digest food extraorally—outside of the 

body—by everting the cardiac stomach. Contraction of body- 

wall muscles elevates coelomic pressure and causes the cardiac 

stomach, with its digestive surface outermost, to evert through 

the mouth. The everted stomach, which is anchored by the gas- 

tric ligaments, releases digestive enzymes and engulfs the prey. 

The partially digested prey can be brought into the stomach by 

retraction, or the thick prey-broth can enter the body along cil- 

iated gutters of the stomach. When feeding ends, the stomach 

muscles contract, retracting the stomach into the interior of 

the disc. In primitive asteroids, including Astropecten and 

Luidia, which cannot evert their stomachs, the prey (often 

small clams) is swallowed whole and digested intraorally in the 

stomach. Shells and other indigestible material are then cast 

out of the mouth. 

Digestion in asteroids is chiefly extracellular, and enzymes 

are produced by the stomach and pyloric ceca. The products 

of partial extracellular digestion in the stomach pass into the 

pyloric ceca, where digestion is completed and absorption 

occurs. Absorption also occurs in the rectal ceca. Nutrients 

may be stored in the cells of the pyloric ceca or released into 

the coelom or hemal system for distribution. Indigestible 

wastes from the stomach or pyloric ceca enter the rectum, 

where they are formed into feces and released through 

the anus. 

Nutrition 
Most asteroids are scavengers and carnivores that feed on a 

variety of animals, especially snails, bivalves, crustaceans, poly- 

chaetes, other echinoderms, and even fish. Some have restricted 

diets, whereas others capture a wide range of prey but may 

exhibit preferences, depending on availability. For example, the 

Chilean Meyenaster feeds on 40 species of echinoderm and mol- 

luscan prey. Most asteroids detect and locate prey with sub- 

stances the prey releases into the water, and many prey species 

have evolved escape responses to the slow-moving asteroids. 

Some soft-bottom sea stars, including species of Luidia and 

Astropecten, can locate buried prey and then dig into the substra- 

tum to reach it. Stylasterias forreri and Astrometis sertulifera on the 

west coast and Leptasterias tenera of the east coast of the United 

States catch small fish, amphipods, and crabs with the pedicellar- 

iae when the prey comes to rest against the aboral surface of the 

sea star. 

Asterias and relatives (Asteriidae) feed chiefly on pro- 

tected prey, such as clams, oysters, and barnacles. When feed- 

ing, the sea star arches over the clam, holding the gape 

upward against its mouth while applying its arms and tube 

feet to the sides of the valves. The pull of the attached tube 

feet may part the valves slightly, or the sea star may find a 

natural gap between the valves. In either case, once an entry 

is found the sea star everts its stomach through the opening 

and secretes digestive enzymes onto the soft parts of the 

clam, digesting it in its own shell. The everted cardiac stom- 

ach of some sea stars can squeeze through a space as slight as 

0.1 mm. The shell gape increases over time as the clam’s 

adductor muscles are digested. Japanese species of Asterias 

require 2.5 to 8 h to consume a bivalve, depending on the 

species of bivalve. 

Asteroids are of considerable economic importance as 

predators of oysters and sometimes are removed from com- 

mercial oyster beds with a large, moplike apparatus that is 

dragged over the bottom. The sea stars grasp or become 

entangled in the mop threads with their pedicellariae and are 

brought to the surface and destroyed. 

Some asteroids feed on sponges, sea anemones, and the 

polyps of hydroids and corals. The tropical Pacific Acanthaster 

planci (crown-of-thorns sea star) is notorious for its consump- 

tion of coral polyps. High densities of this sea star, as great as 

15 adults per square meter, have temporarily devastated large 

numbers of reef corals in some areas. Branching and plate 

corals are preferred over massive and encrusting types, and 

with its everted stomach one star can consume an area as great 

as its own disc in one day. An outbreak of this sea star may be 

part of a natural cycle or the result of environmental modifica- 

tion by humans. Current evidence suggests that the outbreaks 

coincide with plankton blooms. The blooms are related to 

nutrient runoff, both natural and agricultural, following heavy 

rains. 

A few sea stars suspension feed on plankton and detritus 

(Echinaster, Henricia, Porania) whereas others feed on deposited 

material (Ctenodiscus, Goniaster) that contacts the body surface. 

This material is trapped in mucus and then swept toward the 

oral surface by the epidermal cilia. On reaching the ambu- 

lacral grooves, the food-laden mucous strands are carried by 

ciliary currents to the mouth. Some asteroids, such as As- 

tropecten and Luidia, which are primarily carnivores, use ciliary 

feeding as a supplement. 

The everted stomach is an effective feeding organ for 

many omnivores and nonpredaceous sea stars. The American 

west coast bat star, Patiria miniata, spreads its stomach over 

the bottom, digesting the organic matter it encounters. In the 

same manner the tropical cushion star, Culcita, and Oreaster, 

which inhabit reef flats, feed on sponges, algal felt, and 

organic films. 
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Internal Transport 
Asteroids, like other echinoderms, rely chiefly on coelomic 

circulation for internal transport of gases and nutrients. 

The echinoderm hemal system is rudimentary in asteroids, 

although it may play a role in nutrient transport. Both sys- 

tems, however, share the fundamental radial symmetry of the 

echinoderm body. This means that radial branches to the 

arms extend from a ring, or common cavity, in the disc. 

Pumps for both the hemal system (heart) and the WVS (stone 

canal) are axially located in the disc. The radial branches of 

both systems extend into the arms but end blindly at the arm 

tips, which raises the question of how the coelomic fluid and 

blood return to the disc. In coelomic systems, cilia create a 

bidirectional flow in each of the canals, so each is simultane- 

ously “artery” and “vein.” Blood flow in the hemal system re- 

sults from muscle contraction, but the flow pattern is un- 

known in asteroids. Research on blood flow in sea cucumbers, 

however, indicates that blood ebbs and flows in each of the 

vessels. 

COELOMIC CAVITIES 

Asteroids have four coelomic circulatory systems (Fig. 28-15): 

the WVS, already described, which supplies the locomotory 

muscles of the tube feet; the perivisceral coelom, which occu- 

pies the disc and arms and supplies the viscera; the hyponeural 

coelom, which circulates fluid to the hyponeural nervous sys- 

tem; and the genital coelom, which supplies the gonads. Cilia 

on the coelomic lining circulate the fluid bidirectionally in all 

four compartments. 

The voluminous perivisceral coelom of the disc and arms sur- 

rounds and bathes the gut, the outer walls of the gonads, and 

the tube-feet ampullae. The papulae are aboral evaginations of 

this coelom. The perivisceral coelom is undoubtedly important 

for the transport of gases and perhaps also of nutrients. 

The canals (also called sinuses) of the hyponeural coelom 

are anatomically similar to those of the WVS, but the equiva- 

lents of ampullae and tube feet are absent (Fig. 28-15) and most 

of the canals of the hyponeural coelom are paired, with the left 

being separated from the right by a mesentery (Fig. 28-12B,C, 

28-15). The components of the hyponeural coelom are the hy- 

poneural ring canal (hyponeural ring sinus) that accompanies 

the hyponeural nerve ring, and a hyponeural radial canal 

(hyponeural radial sinus) along the hyponeural component of 

the radial nerve in each arm. The hyponeural (motor) neurons 

of the nerve ring and radial nerves lie in the coelomic lining of 

the hyponeural ring and radial canals (Fig. 28-12B,C). Branches 

of the hyponeural radial canal called hyponeural lateral canals 

(marginal canals) pass laterally into the dermis (Fig. 28-12B,C, 

28-14). A vertical canal called the axial canal (axial sinus) is situ- 

ated beside the stone canal and joins the hyponeural ring canal 

to the madreporic ampulla and madreporite (Fig. 28-15). 

Because the adjacent stone canal and axial canal both open 

into the ampulla of the madreporite, the two systems, the WVS 

and hyponeural coelom, are united at this point with each 

other and with the exterior (Fig. 28-15). The two systems 

exchange coelomic fluid at this junction, but flow is primarily 

from the axial canal into the stone canal and WVS. 

The hyponeural coelom is sometimes called the perihemal 

coelom because a hemal (blood) vessel is suspended in the 

mesentery between the two halves of each canal (Fig. 28-12B,C). 

However, hemal vessels also occur in mesenteries of the perivis- 

ceral coelom, especially in association with the pyloric ceca, and 

in the genital coelom (Fig. 28-15). 

The genital coelom (Fig. 28-15) consists of a small, aboral 

genital ring canal from which genital radial canals extend into 

the gonads. The genital coelom originates developmentally 

from the left metacoel, but it is independent in adults, with no 

open connection with any other coelom. 

HEMAL SYSTEM 

The asteroid hemal system includes three interjoined radial 

sets of vessels, each set consisting of a circumenteric (around 

the gut) hemal ring in the disc and five sometimes branched 

radial vessels. From oral to aboral, the three rings are the 

hyponeural hemal ring, the gastric hemal ring, and the genital 

hemal ring (Fig. 28-15). The three rings are united in the disc 

by a common vertical axial hemal vessel that aborally joins the 

heart (Fig. 28-15). 

The hyponeural hemal ring is suspended in the mesentery 

between the two halves of the hyponeural ring canal (Fig. 

28-15). In the disc, it joins the oral end of the axial hemal vessel 

(Fig. 28-15). A hyponeural radial hemal vessel branches from the 

hemal ring into each of the five arms. Each radial hemal vessel is 

in the mesentery between the halves of the hyponeural radial 

canal (Fig. 28-12B,C). Because the hyponeural (motor) compo- 

nent of the nervous system is in the wall of the hyponeural 

coelom (Fig. 28-12C), it is assumed that the hyponeural hemal 

ring and radial vessels supply these nerves. 

The gastric hemal ring encircles the gut on the aboral side 

of the pyloric stomach (Fig. 28-15). From the ring, a pair of 

radial hemal vessels extends into each arm, then branches 

into two pairs, one pair for each branch of the pyloric cecum 

(Fig. 28-12B). Two specialized vessels called gastric hemal tufts 

cross the perivisceral coelom and unite the gastric hemal ring 

with the axial hemal vessel and heart (Fig. 28-15). The surface 

of these vessels bears a tuft of blind-ended diverticula covered 

by podocytes. The functional significance of the gastric hemal 

tufts is unknown, but if they are sites of ultrafiltration, the ul- 

trafiltrate will enter the perivisceral coelom, which lacks a 

metanephridial outlet. Perhaps such an ultrafiltrate, if it exists, 

would carry nutrients from the pyloric ceca to the coelomic 

fluid for distribution to its lining tissues. 

The aboral genital hemal ring (Fig. 28-15) and its five pairs 

of genital radial hemal vessels supply the ten gonads. On 

reaching the gonad, each radial vessel forms a genital hemal 

sinus around the gonad in the space between the gonad’s ger- 

minal epithelium and the genital coelom (Fig. 28-12B). 

The three hemal rings are united by the vertical axial 

hemal vessel (axial gland) that lies in the wall of the axial 

canal (Fig. 28-15). The axial hemal vessel, axial canal, and 

stone canal are integrated together in the same interradius 

and thus do not interfere with radial branches of any of the 

hemal or coelomic systems. The axial hemal vessel, like the 

gastric hemal tufts, is covered with podocytes and is probably a 

site of ultrafiltration. If an ultrafiltrate of blood is produced, it 

will enter the axial canal and be transported by ciliary action 

throughout the hyponeural coelom, perhaps supplying nutri- 

ents to the hyponeural neives. 
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The heart is situated atop the axial hemal vessel, above all 

three hemal rings and immediately below, but to one side 

of, the madreporite. It originates developmentally as a hollow 

sphere (the larval pulsatile vesicle) that invaginates in a manner 

similar to a gastrula. The invaginated cavity is the blood-filled 

heart lumen, its wall is the myocardium, and the outermost wall 

is the pericardium. Between the pericardium and myocardium 

is the fluid-filled pericardial cavity (Fig. 28-15). In echinoderm 

terminology, the heart lumen is called the central blood sinus 

and the remainder of the heart is the dorsal sac. 

The heart beats rhythmically (at approximately 6 beats/min 

at 25°C in Asterias forbesi), but the pattern of circulation of the 

colorless blood is unknown. Limited evidence indicates that 

the blood has a role in nutrient transport (and perhaps in 

nutrient storage). , 

The body fluids of all asteroids, as well as those of all echino- 

derms, are isosmotic with seawater. Their inability to osmoregu- 

late prevents most species from inhabiting estuaries and fresh 

water. The coelomic fluid contains phagocytic coelomocytes pro- 

duced by the peritoneum that clot in response to tissue damage. 

Excretion 
The asteroid heart, axial canal, and axial hemal vessel corre- 

spond, respectively, to the hemichordate heart, proboscis 

coelom, and glomerulus (the heart-kidney). The echinoderm 

heart-kidney, however, plays an uncertain role, if any, in excre- 

tion. Although the only possible outlet for urine is the 

madreporite, there are no confirmed reports of fluid outflow 

from its pores, but rather the opposite, as discussed under 

Water-Vascular System. Thus it seems that the heart-kidney has 

a nonexcretory function. Perhaps instead it has a role in nutri- 

ent transport, as mentioned above. This is one of many func- 

tional topics in need of creative research. 

Asteroids and other echinoderms excrete nitrogen primar- 

ily in the form of ammonia, which diffuses across thin areas of 

the body wall, such as the tube feet and the papulae. Other 

nitrogen-containing compounds (urates), as well as particu- 

lates, may be taken up and stored by coelomocytes. Waste- 

laden cells migrate to the tips of the papulae, and perhaps to 

the tube feet. The tip of the papula then constricts and pinches 

off, discharging a package of coelomocytes into the sea. 

Reproduction 
REGENERATION AND CLONAL REPRODUCTION 

Damaged asteroids regenerate readily, rebuilding lost arms and 

damaged parts of the disc. Species of Asterias will autotomize an 

arm if they are appropriately disturbed. Studies on Asterias vul- 

garis indicate that regeneration of a complete star will occur 

when starting with as little as one arm and one-fifth of the disc. 

If the disc fragment includes the madreporite, regeneration is 

successful with even less than a fifth of the disc. Once the disc 

and gut have healed, the animal can resume feeding, even be- 

fore the gut and arms are fully regenerated. Complete regener- 

ation can be slow and may require as long as a year to complete. 

Several asteroids normally reproduce by fission by softening 

the mutable connective tissue occurring at the fission plane. The 

most common form of fission is disc division, which separates 

the animal into two halves. Each half then regenerates missing 

parts of the disc and arms, although extra, fully functional arms 

A 

FIGURE 28-17 Asteroidea: clonal reproduction and regeneration. 
A, Regenerating arms in a specimen of Coscinasterias, which reproduces 
by fission of the disc. B, Autotomized arm of Linckia regenerating the 
disc and missing arms. At this stage, the regenerands are called 
"comets." (B, After Richters from Hyman, L. H. 1955. The Invertebrates. Vol. 

TV. McGraw-Hill Book Co., New York.) 

are often produced in the process (Fig. 28-17A). Species of 

Linckia, a genus of common sea stars in the Pacific and other 

parts of the world, are unique in being able to cast off entire 

arms. Each severed arm can regenerate a complete new body 

(Fig. 28-17B). Several species of asteroids reproduce clonally in 

the larval stage. These larvae develop buds on their larval arms 

(see Development), which differentiate into new larvae. 

SEXUAL REPRODUCTION 

With few exceptions, asteroids are gonochoric. The ten 

gonads, two per arm, resemble tufts or clusters of grapes (Fig. 

28-16A). In nonreproductive individuals the shriveled gonads 

are restricted to the arm bases, but the expanded gonads of 

ripe specimens fill the arms. Each gonad discharges gametes 

through its own gonopore, usually located between the bases 

of the arms, although the gonopores of some asteroids open 

serially along the arms or on the oral surface. There are a few 

hermaphroditic species, such as the common European sea 

star Asterina gibbosa, which is protandric. 

Most asteroids spawn eggs and sperm into the seawater, 

where fertilization takes place. There usually is only one breed- 

ing season per year, and a single female may shed as many as 

2,500,000 eggs. 

In most asteroids the liberated eggs and later developmental 

stages are planktonic. Some sea stars, especially cold-water 

species, brood large, yolky eggs beneath the arched body, in 

aboral pockets of the disc, in brooding baskets formed by spines 
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between the arm bases, under paxillae, or even in the cardiac 

stomach. In all brooding species, development is direct. Al- 

though it is not a brooding species, Asterina gibbosa is unusual in 

that it attaches its eggs to stones and other objects. 

Development 
The early stages of development conform to the pattern 

described in the introduction of this chapter. Most asteroid 

embryos hatch and begin to swim at the blastula stage. The 

coelom arises from the tip of the advancing archenteron as two 

lateral pouches that extend rearward toward the blastopore 

(anus). A minute tubular outgrowth of the left coelom (proto- 

coel + mesocoel = axohydrocoel) opens on the dorsal surface as 

the hydropore, which is the larval nephridiopore. As the larval 

coelomic cavities and gut are completed, the surface cilia be- 

come restricted to a circumoral ciliary band. This convoluted 

Preoral 
loop 
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Ciliary 
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Esophagus 

Hydropore 

Stomach 

FIGURE 28-18 Asteroidea: larvae and larval feeding. A, Bipinnaria larva of Asterias forbesi, lateral view. 

B, Brachiolaria larva of Asterias, ventral view. C, Water currents (open arrows) and paths of food particles (closed 

arrows) produced by the ciliated band of a bipinnaria larva. D, Diagrammatic view of a section of the ciliated 

band (cb) of an echinoderm larva, showing the water current (open arrow), an uncollected particle (solid arrow 

b), and a particle collected by a local reversal of the ciliary beat (solid arrow a). (B, Modified and redrawn with 

permission after Agassiz from Cuenot, L. 1948. Echinodermes. In Grasse, P. (Ed.): Traite de Zoologie, Vol. XI. Masson et Cie, 

Paris; C and D, From Strathmann, R. R.,Jahn, T. L., and Fonesca, J. L. C. 1972. Suspension feeding by marine invertebrate 

larvae: Clearance of particles by ciliated bands of a rotifer, pluteus, and trochophore. Biol. Bull. 142:505-519, and 

Strathmann, R. R. 1975. Larval feeding in echinoderms. Am. Zool. 15:717-730.) 
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band winds over the surface of the larva and later onto out- 

growths called arms. Eventually, the anterior ventral part of the 

ciliary band separates from the remainder of the band and 

forms a distinct preoral loop. The bilaterally symmetric, suspen- 

sion-feeding larva is then known as a bipinnaria (Fig. 28-18A,C). 

The ciliated bands function in both locomotion and feed- 

ing, and the larval arms increase the area of the bands. Phyto- 

plankton and other tiny food particles are collected on the 

upstream side of the ciliary bands and transported to the 

mouth (Fig. 28-18C,D). 

The bipinnaria becomes a brachiolaria with the appearance 

of three additional arms at the anterior end (Fig. 28-18B). 

These arms are short, ventral in position, and covered with 

adhesive cells at the tip. Between the bases of the three arms is a 

glandular adhesive disc or suck-tr. The three arms and the adhe- 

sive disc are used for attachment during settlement. Generally, 

the brachiolaria is the larval stage that settles and metamor- 

phoses, but in some asteroids, such as Luidia and Astropecten, the 

bipinnaria is the settling stage. 

Metamorphosis 
Asteroid larvae typically switch from positive to negative pho- 

totaxis as the larva prepares to settle and metamorphose. 

When the brachiolaria settles, it attaches its anterior end to 

the bottom with its brachiolar arms and sucker, which form an 

attachment stalk (Fig. 28-4C). 

Metamorphosis converts the bilaterally symmetric larva 

into a pentamerous juvenile. The transition is radical, involv- 

ing the loss and remodeling of larval tissues and a morpho- 

genesis of new structures to form a juvenile rudiment on the 

posterior left side of the body (Fig. 28-19). As the rudiment 

differentiates and grows into a juvenile sea star, the left side 

of the larval body becomes the oral surface and the right 

side becomes the aboral surface. Part of the larval gut is 

retained by the juvenile, but the larval mouth and anus are 

lost and formed again later in their new positions. The larval 

right mesocoel degenerates, but the left protomesocoel (axo- 

FIGURE 28-19 Asteroidea: larval metamorphosis. Dorsal view of a 
larva showing the juvenile rudiment on the left side of the body. 

hydrocoel), including the pore canal and hydropore, is 

retained and modified into the WVS (Fig. 28-4). The fates of 

other coeloms have been described earlier in the chapter. 

The arms of the juvenile star are new outgrowths of the body 

wall unrelated to the larval arms. Eventually, a young sea star, 

less than 1 mm in diameter, detaches from its larval stalk and 

crawls away on short, stubby arms. 

Growth rates and life spans are variable, as illustrated by 

two intertidal species from the Pacific coast of the United 

States. Leptasterias hexactis broods a small number of yolky eggs 

during the winter and the young mature sexually in two years, 

when they weigh about 2 g. The average life span is 10 years. 

Pisaster ochraceus releases a large number of eggs each spring, 

and development is planktonic. Sexual maturity is reached in 

five years, at which time the animal weighs 70 to 90 g. Individ- 

uals may live 34 years, reproducing annually. 

Diversity of Asteroidea 
The 1500 species of asteroids are divided among six taxa (the 

deep-sea Notomyotida0 is omitted). 

PaxiIlosida0: Primitive asteroids that lack tube-foot suckers 

and anus, but have marginal plates and paxillae; have papu- 

lae on aboral surface. Intraoral feeders. On soft bottoms. 

Astropecten, Luidia, Platyasterias. 

Valvatida0: Have suckered tube feet, few large marginal 

plates; some spp. have paxillae and sessile valvate (clam- 

like) pedicellariae. Often have rigid pentagonal bodies. Ex- 

traoral feeders. Acanthaster, Ctenodiscus, Culcita, Goniaster, 

Linckia, Oreaster, Porania, Xyloplax. 

Velatida0: Papulae are widely distributed on upper surface; 

have suckered tube feet and spiniform or sessile pedicellar- 

iae. Extraoral feeders. Crossaster, Pteraster, Solaster. 

Spinulosida0: Have suckered tube feet; aboral surface bears 

short spines; marginal plates and pedicellariae are absent. 

Extraoral feeders. Asterina, Dermasterias, Echinaster, Henricia, 

Patiria. 

Fordpulata0: Have suckered tube feet, usually four rows per 

arm; stalked pedicellariae with two jaws. Extraoral feeders. 

Asterias, Heliaster, Leptasterias, Pisaster, Pycnopodia, Zoroaster. 

Brisingida0: Have more than five long, slender spiny arms; 

abundant pedicellariae with crossed jaws are used to 

catch suspended prey. Deepwater animals. Brisinga, Freyella, 

Midgardia. 

CRYPTOSYRINGIDA 
The remaining eleutherozoans—brittle stars, sea urchins, and 

sea cucumbers—are members of this taxon. They differ from 

asteroids in having internalized the ectoneural (sensory) com- 

ponents of the nerve ring and radial nerves. Instead of being 

located in the oral epidermis of the disc and arms, as in aster- 

oids (Fig. 28-12B,C), these nerves now occur in the epithelial 

lining of an internal, hollow epineural canal (“Cryptosy- 

ringida” = hidden tube; Fig. 28-20). Developmentally, the ep- 

ithelium and neurons arise from ectoderm and move inward 

in a process similar to chordate neurulation (Fig. 29-2). The 

epithelium that lines the epineural canal is derived from and 

homologous to the epidermis. Cilia line the epineural canals 

and presumably circulate the fluid within them. The develop- 

ment of an epineural canal creates a permanently closed 
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FIGURE 28-20 Cryptosyringida: origin of the epineural canal from an ancestral asteroid-like echinoderm. 

A, Cross section of an asteroid arm showing the ectoneural part of the radial nerve in the epidermis and 

ambulacral ossicles. B, Cross section of an ophiuroid arm showing the internalization of the ectoneural radiai 

nerve in the epineural canal and the internalized ambulacral ossicles modified to form vertebrae. (Greatly modified 

and redrawn from Nichols, D. 1969. Ec.hinoderms. 4th Edition. Hutchinson University Library, London. 200 pp.) 

ambulacrum, in contrast to the open ambulacrum of asteroids 

(Fig. 28-6B, 28-20A), which can only be closed and protected 

by the active movement of covering ossicles. Such behavioral 

protection may explain why the otherwise exposed ectoneural 

system persists in the asteroid epidermis. 

Ophiuroideac 

The 2000 species of snaky-armed ophiuroids are known as 

serpent stars or brittle stars, and those with branched arms 

are called basket stars (Fig. 28-21). As the most diverse 

group of echinoderms, brittle stars are adapted to a wide 

variety of mostly cryptic lifestyles and for that reason usually 

are not conspicuous. Nevertheless, brittle stars are com- 

mon in many benthic marine habitats and a search for 

them is rarely unfulfilled. Along with sea lilies and feather 

stars (Crinoidea), they are the most graceful, delicate, and 

striking echinoderms. Some species are covered with color- 

ful, faceted crystalline spines and seem to be made of 

cut glass. 

The ability of ophiuroids to live on, under, and between 

rocks, shells, and living organisms, as well as in sediments, 

undoubtedly contributes to their high species diversity. Under 

favorable conditions, ophiuroids such as the European Ophio- 

thrix fragilis can reach densities of up to 2000/mf The only 

symbiotic echinoderms are ophiuroids, some of which are 

commensals in sponges or on corals, feather stars, and sand 

dollars. 

FORM 

Ophiuroids, like asteroids, are mostly five-armed stars, but 

their slender jointed arms are distinctly set off from the cen- 

tral disc, which may be circular or pentagonal (Fig. 28-21 A,B). 

Sometimes, especially in burrowers, the arms are exceptionally 

long and thin. Although many ophuiroids are small, the arm- 

span of other species equals that of common asteroids. Their 

small disc and slender arms make the less-massive brittle stars 

seem small despite their long arms. The disc of most species 

ranges only from 1 to 3 cm in diameter, but a 12 cm diameter 

disc occurs in some cold-water brittle and basket stars with 

armspreads of 1 m (Fig. 28-21C). In basket stars, the arms are 

not only long, but also highly branched (Fig. 28-21C). Ophi- 

uroid arms lack an ambulacral groove and the suckerless tube 

feet are rarely used for locomotion. 

BODY WALL AND SKELETON 

The ophiuroid epidermis differs from that of asteroids in its 

lack of cilia, except in localized areas. A few species, such as 

Ophiocoma wendti of the West Indies, have epidermal chro- 

matophores that enable them to change the color and 

pattern of the body. As in other echinoderms, the dermis pro- 

duces and contains the skeletal ossicles, but pedicellariae are 

absent. The ossicles may be in the form of plates, called 

shields, when large and associated with the arms and mouth 

rim. Other ossicles are spines, vertebrae, tubercles, and small 

scales (Fig. 28-22, 28-23). 

Arms 

Ophiuroid arms are composed of a series of segmentlike sec- 

tions, or articles. Each article is formed by a peripheral ring of 

four shields: a lateral shield on each side, an aboral shield 

above, and an oral shield below (Fig. 28-23). Internally, each 

article is supported by a large ossicle called a vertebra (Fig. 

28-20B, 28-23, 28-24). Not infrequently, the oral and aboral 

shields are reduced by encroachment of the enlarged lateral 

shields, which may even meet on the oral and aboral surfaces 

(Fig. 28-22A). Each lateral shield usually bears 2 to 15 large 

arm spines arranged in a vertical row (Fig. 28-23). These spines 

vary considerably in size and shape in different species. 

Ophiuroid arms lack an ambulacral groove because the 

original groove, as well as the radial nerve, radial canal, and 

ambulacral ossicles forming the roof of the groove, have all 

been internalized (Fig. 28-20, 28-23). The now internal ambu- 

lacral ossicles are modified and enlarged to form the verte- 

brae. The enclosed remnant of the ambulacral groove has 
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become the epineural canal, which lies, as before, oral to the 

radial nerve. The radial canal of the WVS is between the radial 

nerve and the vertebra. The tentacle-like tube feet, usually one 

pair per segment, emerge between the oral and lateral shields. 

In some species a small protective covering, the tentacle scale, 

is associated with each tube foot (Fig. 28-23). Movable com- 

pound spines such as pedicellariae are absent in ophiuroids. 

The vertebrae of each arm are arranged single file in a col- 

umn from one end of the arm to the other and occupy nearly 

all of the arm’s internal space (Fig. 28-24). The contact sur- 

faces of each vertebra bear nodes and sockets that articulate 

with corresponding surfaces on adjacent vertebrae, as well as 

pits for the insertion of large intervertebral muscles that move 

the arm (Fig. 28-23). When these muscles are positioned later- 

ally, contraction bends the arm from side to side; muscles that 

link adjacent vertebrae aborally and orally bend the arm up 

and down. In many brittle stars lateral arm mobility predomi- 

nates, but in basket stars and related brittle stars, the arms can 

bend and coil in any direction. 

Disc 

The oral surface of the disc is occupied by a complex 

arrangement of oral shields that frame the mouth and form 

five interradial jaws, each of which bears teeth, or papillae 

(Fig. 28-22A). In most ophiuroids, one oral shield is modi- 

fied to form the madreporite. The oral position of the ophi- 

uroid madreporite contrasts with the aboral madreporite of 

asteroids. Aborally, the disc is often covered with fishlike 

scales, small spines, or both. Flanking the aboral base of each 

arm like doubled epaulets is a pair of radial shields (Fig. 28- 

22B). Muscles attached to the radial shields and other skele- 

tal parts enable the flexible disc to make pumping ventila- 

tory movements. 

NERVOUS SYSTEM 

The nervous system is composed of a circumoral nerve ring 

and radial nerves, as it is in asteroids, but the sensory compo- 

nents of the ring and the ectoneural cord of each radial nerve 

are internal in the epithelial lining of an epineural canal, as 

described above (Fig. 28-20B, 28-23). Specialized sense organs 

are absent, and individual sensory cells compose the sensory 

system. Most ophiuroids are negatively phototaxic, and are 

also able to detect food without contact. 

LOCOMOTION 

The ophiuroids are the most agile echinoderms. During move- 

ment the disc is held above the substratum while one or two 

arms extend forward and one or two trail behind. Rowing 

movements of the remaining two lateral arms propel the body 

forward in leaps or jerks. The arm spines provide traction 

(Fig. 28-21 A). Brittle stars have no arm preference and can 

move in any direction. In clambering over rocks or among 

attached organisms, the supple arms often coil around objects 

(Fig. 28-25C). Although most ophiuroids use the arms to 

move, a few, such as Ophionereis annulata of the American west 

coast, creep about on their tube feet. 

Burrowing occurs primarily in members of the family Am- 

phiuridae (including Amphiura, Amphiodia, and Microphiopholis). 

C 

FIGURE 28-21 Ophiuroidea: form and locomotion. A, A Caribbean 

brittle star, shown in a drawing based on repetitive flash images, 

rowing itself from left to right with its two lateral arms, led by one 

arm, and trailing two. Ophiuroids are far more agile and flexible than 

sea stars. B, A giant Antarctic brittle star, Astrotoma agassizii. C, A living 

basket star, Astrophyton muricatum, from Beaufort, North Carolina. 

(A, Based on photographs by Fitz Goro.) 
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FIGURE 28-22 Ophiuroidea: external anatomy of the disc and arm bases. A, The disc of Ophiura sarsi (oral 
view). B, The disc of Ophiolepis (aborai view). (A, After Strelkov. B; After Hyman, L. H. 1955. The Invertebrates. Vol. TV. 

McGraw-Hill Book Co., New York. Reprinted with permission.) 

Using its tube feet and arm undulations, the animal digs a 

mucus-lined burrow with tubular channels to the surface of the 

mud or sand. The animal never leaves the burrow unless dis- 

lodged, but two or three arms extend into the water above the 

burrow for feeding and gas exchange (Fig. 28-25D). Arm undu- 

lations in the burrow ventilate it and the subterranean parts of 

the body. 

WVS AND OTHER COELOMS 

The ophiuroid WVS is basically similar to that of asteroids 

except the madreporite is positioned orally rather than ab- 

orally. The oral shield that forms the madreporite usually has 

but one pore and canal. The stone canal ascends from the 

madreporite to the ring canal, which is located in a groove on 

the aborai surface of the jaws. The ring canal bears four inter- 

radial polian vesicles (none in the madreporite interradius) 

and also gives rise to the radial canals, which extend along the 

lower side of the vertebrae (Fig. 28-23). The polian vesicles 

may function as ampullae for the buccal tube feet^which sur- 

round the mouth. A radial canal gives rise to a series of pin- 

nately arranged lateral canals. Each arm segment houses a 

pair of lateral canals and two tube feet. The suckerless tube 

feet bear numerous adhesive papillae (Fig. 28-23, 28-26A). 

Ampullae are absent, perhaps due to insufficient space in the 

Perivisceral coelom 

Radial nerve 

FIGURE 28-23 Ophiuroidea: radial 
organs. Diagrammatic cross section 
through the arm of a brittle star. 
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arm, but a valve occurs between the tube foot and the lateral 

canal. Fluid pressure for protraction is generated by a dilated, 

ampulla-like section of the tube-foot canal and in some forms 

by localized contraction of the radial canal. Ophiuroid tube 

feet commonly make flicking movements that enable them to 

kick food particles toward the mouth or to displace sediment 

particles while burrowing. 

The perivisceral coelom is much reduced compared with 

that of other echinoderms. The vertebral ossicles restrict the 

coelom to the aboral part of the arms (Fig. 28-23); the stom- 

ach, bursae, and gonads leave only enough room for small 

coelomic spaces in the disc. The hyponeural coelom is similar 

to that of asteroids. The epineural canal in the disc and arms 

superficially resembles a coelomic cavity, but it is lined by an 

ectodermally derived epithelium, not a peritoneum, and is not 

a coelom. 

DIGESTIVE SYSTEM AND NUTRITION 

The ophiuroid gut is a blind sac restricted to the disc. The 

mouth lies at the center of a peristomial membrane and is pre- 

ceded by five jaws surrounding a prebuccal cavity (Fig. 28-22A, 

28-24). A short, thick esophagus joins the mouth with a large, 

saclike stomach (Fig. 28-24). The stomach, which occupies 

most of the interior of the disc, typically is folded at the mar- 

gins to form 10 pouches. Intestine and anus are absent. Extra- 

cellular and intracellular digestion as well as absorption occur 

in the stomach. Ophiuroids are carnivores, scavengers, deposit 

feeders, or suspension feeders. Most use several feeding 

modes, but one is generally predominant. 

When suspension feeding, the Atlantic brittle star Ophio- 

comina nigra lifts its arms off the bottom and waves them in 

the water. Plankton and detritus adhere to mucous strings 

cast between adjacent arm spines. The trapped particles may 

be swept downward toward the tentacle scale by ciliary cur- 

rents or collected from the spines by the tube feet, which 

extend upward for this purpose (Fig. 28-26A). The tube feet 

are then scraped across the tentacle scales, depositing col- 

lected particles in front of the scale (Fig. 28-26B). This is also 

the destination for particles transported by specialized ciliary 

tracts. Tube-foot pairs along the arm cooperate to gather par- 

ticles, compact them into a pellet, and transport it toward the 

disc on the aboral surface of the arm. Once the food pellet 

reaches the disc, cilia transport it to the mouth. Ophiothrix 

fragilis feeds similarly, but twists its spiny arms to expose their 

oral surface to the water current. Its long arm spines and 

even longer outstretched tube feet form a comb on which sus- 

pended particles are trapped (Fig. 28-27B). 

The suspension-feeding basket stars, such as Astrophyton 

(Fig. 28-21C) and Gorgonocephalus, capture zooplankton of rel- 

atively large size (10 to 30 mm: crustaceans, polychaetes, and 

others). Perched above the bottom, often on a gorgonian 

coral, the basket star extends its branched arms in a parabolic 

fan with the concave aboral surface directed toward the water 

current (Fig. 28-27A). Prey is seized with the ends of the many 

arm branches, which coil around the catch, and minute 

surface hooks prevent escape. Periodically, the basket star 

removes the collected plankton from the arms by passing 

them through comblike oral papillae. Unlike brittle stars, bas- 

ket-star tube feet do not play a role in food transport. 

Deposit feeding in Ophiocomina is performed by the tube 

feet alone. They collect the particles from the substratum, 

compact them into food balls, and move them toward the 

mouth. 

Carnivores, such as species of Ophioderma, lasso prey with 

their highly mobile and flexible arms. Seizure of a small, 

waterborne crustacean can be as rapid as a snake’s initial coil 

around a mouse. Once embraced, the arm flexes and trans- 

fers the helpless prey to the underside of the disc, jaws, and 

mouth (Fig. 28-27C-E). The mobile disc “hugs” the prey and 

quickly swallows it. Ophioderma is a voracious carnivore and, if 

offered sufficient and appropriate food, it will eat until the 

disc ruptures. 
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FIGURE 28-25 Ophiuroidea: habitats and lifestyles. A, Two West Indian brittle stars (Ophionereis) lodged in 
crevices below a coral head. B, Two brittle stars in a sponge. C, A brittle star climbing on a gorgonian coral. These 
brittle stars are related to the basket stars and can coil their arms vertically. D, Members of Amphioplus projecting 
two arms from their tubelike burrows and trapping suspended particles in the passing water current. (C, Modified 

and redrawn from Hyman, L. H. 1955. The Invertebrates. Vol. TV. McGraw-Hill Book Co., New York. Reprinted with permission.) 

GAS EXCHANGE, EXCRETION, AND INTERNAL 

TRANSPORT 

Ophiuroid gills are tube feet and specialized invaginations, 

called bursae or genital bursae, of the disc’s oral surface. The 

bursae are blind sacs, 10 in number, that open orally at slits, 1 

on each side of an arm base (Fig. 28-22A). Cilia on the bursal 

lining create a water current that enters the end of the slit at 

the disc margin, passes through the bursa, and exits the slit at 

its opposite end nearer the mouth (Fig. 28-22A, 28-24). Many 

species also pump water through the bursae by raising and 

lowering the oral or aboral disc wall or by contracting disc 

muscles associated with the bursae. 

A few species of ophiuroids, such as the burrowing 

Hemipholis elongata, have hemoglobin in coelomocytes of the 

WVS. Instead of ventilating its burrow with arm movements, as 
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FIGURE 28-26 Ophiuroidea: feeding action of the tube feet. A, Spine wiping in Ophiocoma wendti, a West 

Indian brittle star. Note that the tube foot of one side wipes food from the spines on the opposite side of the 

arm. B, Particle consolidation and transfer in the suspension-feeding brittle star Ophionereis fasciata. (a). 
Particles collected by the tube foot from the spines. (b)f Particles consolidated by the tube foot into one mass. 

(c and d), The mass is transferred from the tube foot to the tentacle scale. (A, From Sides, E. M., and Woodley, J. D. 

1985*. Niche separation in three species o/Ophiocoma in Jamaica, West Indies. Bull. Mar. Sci. 36:701-715; B, From 

Pentreath, R. J. 1970. Feeding mechanisms and the functional morphology of podia and spines in some New Zealand 

ophiuroids (Echinodermata). J. Zool. 161:395-429.) 

most other burrowers do, Hemipholis holds a few of its arms in 

the water above the burrow and transports oxygen internally 

by binding it in its red cells. The cells flow bidirectionally in 

the WVS, to and from the disc. Hemipholis lacks bursae, but has 

branches off its ring canal that extend into the tissues of the 

disc like a capillary plexus. The thin-walled respiratory bursae 

may be sites for release of waste-laden coelomocytes. No other 

excretory provision has yet been identified in ophiuroids. 

The hemal system is essentially like that of asteroids, but 

even less is known of its function. In the absence of functional 

information on the hemal system, the coeloms are assumed to 

account for circulation in the ophiuroid body. The ectoder- 

mally derived ciliated epineural canal (Fig. 28-20B, 28-23), 

however, surely plays a circulatory role. 

REPRODUCTION 

Many ophiuroids can voluntarily cast off one or more arms, a 

part of an arm, or the aboral surface of the disc if disturbed or 

seized by a predator or collector. The lost part is then regener- 

ated. Their readily breakable arms account for the common 

name, brittle stars. The arms break, however, not because they 

are brittle, but as a result of a local softening of mutable con- 

nective tissue, specifically the collagenous intervertebral liga- 

ments. Some ophiuroids, notably six-armed species of Ophiac- 

tis, reproduce clonally by fission of the disc into two pieces, 

each with three arms. Each fragment then regenerates the 

missing half, but can feed long before the missing arms are 

fully regenerated. Remarkably, at least two species of ophi- 

uroids have larvae that can reproduce clonally. The larva casts 

off a larval arm (see below), which then regenerates the re- 

mainder of the larval body. 

The majority of ophiuroids are gonochoric. The gonads 

are small sacs attached to the coelomic side of the bursae near 

the bursal slit (Fig. 28-24). There may be one, two, or numer- 

ous gonads per bursa at various positions of attachment, Her- 

maphroditic species are not uncommon. Some simultaneously 

bear separate testes and ovaries whereas others are protandric. 

When the gonads are ripe, they discharge into the bursae, 

probably by rupturing the bursal wall, and the sex cells are 

carried out of the body in the ventilating water current. Fertil- 

ization and development take place in the sea in many species, 

but brooding is common. The bursae are commonly used as 

brood chambers, as in the common Axiognathus squamata 

(Amphipholis squamata), but the female of some viviparous 

species gestates her eggs in the ovary or coelom. Development 

takes place within the mother until the juvenile stage is 

reached, when the young crawl out of the bursal slits. In most 

brooding species only a few young occur in each bursa. 

DEVELOPMENT AND METAMORPHOSIS 

In nonbrooding, oviparous ophiuroids, early development is 

similar to that in asteroids. The planktotrophic larva of many 

species, called an ophiopluteus, displays four pairs of elongate 

arms bearing ciliated bands and supported internally by cal- 

careous rods. The distinctive V-shaped larva swims with its arm 

tips forward (Fig. 28-28). Metamorphosis is similar to that in 

asteroids, but occurs while the larva is free-swimming, and 

there is no attachment stage. The tiny brittle star sinks to the 

bottom and takes up an adult existence. Development of 

oviparous species takes 14 to 40 days, while a brooder may re- 

quire 3 to 7 months. 

DIVERSITY OF OPHIUROIDEA 

Oegophiurida0: Mostly extinct ophiuroids, with only one 

extant Indonesian species, Ophiocanops fugiens. Lacks geni- 

tal bursae, oral and aboral arm plates; madreporite on disc 

margin, not oral. 

Phrynophiuroida0: Have a fleshy integument, glandular 

mucus-secreting epidermis; often lack aboral arm shields; 
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FIGURE 28-27 Ophiuroidea: feeding and food trans- 
port. A, Suspension feeding position of the basket star 
Astrophyton. The arms form a parabolic fan with the tips 
directed toward the current, which in this photograph is 
moving away from the viewer. B, Oral view of an arm of the 
suspension feeder Ophiothrix fragilis, showing transport of a 
food mass by the tube feet. Particles are added to the mass, 
which is about 1 mm in diameter upon reaching the mouth. 
C-E, Prey capture by Ophioderma brevispinum, which uses its 
arm to seize and then shove the prey under its disc, where it 
will be swallowed. This species can also use an arm to lasso 
swimming prey. (B, from Warner, G. F, and Woodley, J. D. 1975. 
Suspension-feeding in the brittle star Ophiothrix fragilis./. Mar. 
Biol. Assoc. 55:199-210. Copyrighted and reprinted by permission 
of Cambridge University Press.) 

coil arms vertically. Basket stars (Gorgonocephalidae) 

and Ophiomyxidae: Asteronyx, Astrophyton, Gorgonocephalus, 

Ophiomyxa. 

Ophiurida0: Have a thin epidermis, well-developed dermal 

disc ossicles and arm shields; arms move horizontally. In- 

cludes most species of ophiuroids. Amphipholis, Amphiura, 

Hemiphalis, Ophiactis, Ophiocoma, Ophioderma, Ophiolepis, Ophio- 

nereis, Ophiothrix, Ophiura. 

Echinozoa 
Echinozoa includes Echinoidea (urchins) and Holothuroidea 

(sea cucumbers). Both taxa lack arms, but the ambulacra and 

oral surface have expanded aborally to cover most of the body, 

except for an aboral anus and periproct, a small region 

around the anus (Fig. 28-30B). Primitively, the oral-aboral axis 

is elongate and the body is bulbous or cylindrical. The phar- 

ynx is surrounded by a calcareous ring of fused ossicles, and 

ossicles also occur in the tube feet. Unlike other echinoderms, 

echinozoans have a well-developed hemal system. 

ECHINOIDEAc 

The 950 species of echinoids are mobile echinoderms known 

as sea urchins, heart urchins, sea biscuits, and sand dollars. 

The conspicuous sea urchins graze on hard substrates and 

have been known since antiquity. Incessant urchin grazing 
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FIGURE 28-28 Ophiuroidea: larva. Ophiopluteus 

larva of Ophiomaza (oral view). (Modified and redrawn 

after Mortensen from Hyman, L. H. 1955. The Invertebrates. 

Vol. TV. McGraw-Hill Book Co., New York.) 

controls the growth of algae, but can decimate large areas if 

populations become large. In Caribbean coral-reef areas, 

urchin grazing accounts for 90% of bioerosion. Some 

urchins are valued as food by, among other animals, sea ot- 

ters and humans. People especially value their roe for use in 

sushi (uni) and other culinary specialties, but collections of 

urchins for this purpose, in quantities reaching 50,000 met- 

ric tons per year worldwide, have devastated many popula- 

tion^. The skeletons of dead and, alas, living sand dollars are 

collected with enthusiasm for their unique form and curious 

markings, which have mystical significance for some Chris- 

tians. 

The name “Echinoidea,” meaning hedgehog (porcupine), 

refers to the movable spines that cover the body. Body-wall 

ossicles are fused to form a test, which resembles a shell but 

is internal. Arms are absent and the body is more or less 

spherical or flattened to a dome or disk. Pentamerous sym- 

metry is evident in the pattern of ambulacra and tube feet, 

which occupy much of the body surface. The entire tube- 

foot-bearing surface is oral and the aboral surface technically 

is limited to a small area at the aboral pole of the body. Flat- 

tened species such as sand dollars have distinct lower and 

upper surfaces referred to in practice as oral and aboral, 

respectively, but both are actually oral because they bear 

tube feet. 

The more or less spherical sea urchins are known as “regu- 

lar urchins” whereas the flattened echinoids are called “irregu- 

lar urchins.” The general description of Echinoidea is based 

on sea urchins. The irregular echinoids are discussed later in 

the chapter. 

Form 

Sea urchins have a more or less spherical body bearing long 

spines (Fig. 28-29). Sea urchins are brown, black, purple, 

green, white, or red, and some are multicolored. Most are 6 to 

12 cm in diameter, but some Pacific species may attain a diam- 

eter of 36 cm. For descriptive purposes, the sea urchin body is 

divided into aboral and oral hemispheres with the parts 

arranged radially around the polar axis. The oral pole bears 

the mouth and is directed against the substratum. The anus is 

situated at the opposite, aboral pole of the body (Fig. 28-30). 

The globose body surface can be divided into 10 radial sec- 

tions that converge at the oral and aboral poles (Fig. 28-30). 

Five sections that bear tube feet are called ambulacral areas. 

The ambulacral areas alternate with sections devoid of tube 

feet, the interambulacral areas. The skeletal plates are in rows 

from the oral pole to the aboral pole. Each ambulacral area is 

composed of two rows of ambulacral plates, and each interam- 

bulacral area is composed of two rows of interambulacral 

plates. Thus there are 20 rows of plates: 10 ambulacral and 10 

interambulacral (Fig. 28-30B). The ambulacral plates are 

pierced by paired holes for the passage of canals, each pair- 

connecting the internal ampulla with its external tube foot 

(Fig. 28-30B). These pore pairs are unique to echinoids (Fig. 

28-3IB, 28-37A), for in sea stars and brittle stars, the tube-feet 

canals pass between ossicles rather than through them and 

there is only one canal per tube foot. 

The mouth is surrounded by a flexible peristomial mem- 

brane that covers a large test aperture in the center of the oral 

pole. The membrane bears several radially arranged structures, 

including five pairs of short, stocky tube feet called buccal 

podia and five pairs of bushy gills (Fig. 28-30A). In addition, 

the peristomial area includes small spines and pedicellariae. 

The anus, periproct, and apical system are situated at the 

aboral pole (Fig. 28-30B, 28-31A). The periproct is a small, cir- 

cular membrane that bears the anus at its center and a vari- 

able number of embedded plates, depending on species (Fig. 

28-31A). The apical system is a ring of specialized plates 

around the periproct. It consists of five large genital plates, 

one of which is the porous madreporite, and five smaller ocu- 
lar plates (Fig. 28-31 A). The genital plates, each of which 

bears a gonopore, align with the interambulacral areas and 

alternate with the ocular plates, which coincide with the am- 

bulacral areas (Fig. 28-30B). 

The spines are arranged more or less symmetrically in the 

ambulacral and interambulacral areas. The spines are longest 

around the equator and shortest at the poles. Most sea urchins 

have long primary spines and short secondary spines, the two 

types being essentially equally distributed over the body sur- 

face (Fig. 28-29C, 28-34). Arbacia punctulata, a common sea 

urchin along the Atlantic coast of North America, however, 

has only primary spines (Fig. 28-29A). 

A ball-and-socket joint at the base of each spine enables it to 

move. The socket is at the spine base, and the ball, or tubercle, 

is on the surface of the test (Fig. 28-31B, 28-32A, 28-34). Be- 

tween the ball and socket are two sheaths of fibers. Contraction 

of the outer muscular sheath inclines the spine to one direction 

or another. The inner sheath of collagen fibers (“catch” fibers), 

a mutable connective tissue, can reversibly shift from soft to 

rigid, thus locking the spine in place. 

The spines usually are cylindrical and taper to a point, 

but many species depart from this generalization. Species of 

Diadema, which are common on tropical reefs, have very long, 

needlelike spines, which can be tilted rapidly and waved in the 

direction of intruders that cast a shadow on the urchin (Fig. 
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FIGURE 28-29 Echinoidea: regular urchin diversity. A, Side view of the common Atlantic sea urchin Arbacia 
punctulata showing the long spines and tube feet. B, A West Indian species of Tripneustes viewed from above. 
C, A pencil urchin, Eucidaris tribuloides, with very small secondary spines around the base of the heavy primary 
spines. D, Colobocentrotus, a Pacific sea urchin with blunt aboral spines that fit together to form a smooth 
surface. Such spines are perhaps an adaptation for living on intertidal rocks. 

28-33A). The spines, which can be regenerated, are hollow, 

brittle, and loaded with an irritant, and the outer surface is 

covered with circlets of small barbs directed toward the spine 

tip (Fig. 28-33B). This urchin can inflict serious, painful 

wounds if stepped on. The thick, blunt, primary spines of the 

slate-pencil urchins, species of Heterocentrotus, are collected 

and used in decorative mobiles. The spines of pencil urchins 

(Cidaroida) may also be heavy and blunt (Fig. 28-29C). 

The aboral spines of the intertidal Indo-Pacific genus Colobo- 

centrotus are short, heavy, and polygonal in cross section (Fig. 

28-29D). These spines fit together like tiles, providing an 

effective wave-resistant surface and protection against desicca- 

tion. The deepwater leather urchins of Echinothuridae, which 

have a flexible test, bear special poison spines on the aboral 

surface (Fig. 28-32B). 

Pedicellariae, which are characteristic of all echinoids, are 

located over the general body surface as well as on the peri- 

stome. An echinoid pedicellaria is composed of a long, 

movable stalk surmounted by jaws. The stalk may contain a 

supporting skeletal rod, and usually there are three opposing 

jaws (Fig. 28-34). Muscles at the base of the stalk permit 

movement. 

Any one species usually possesses several types of pedicel- 

lariae, and at least one type may be poisonous. Poisonous 

pedicellariae are best developed in members of the wide- 

spread warm-water Toxopneustidae, which includes common 

species of Lytechinus and Tripneustes (Fig. 28-34). The outer 

side of each jaw is surrounded by one or two large poison sacs 

whose ducts open below the terminal tooth of the jaw. The 

poison has a rapid paralyzing effect on small animals and dis- 

courages larger enemies. The body spines frequently incline 

away from the poison pedicellariae to better expose the latter 

to intruders. The poison pedicellariae of some tropical species 

of Tripneustes and Toxopneustes resemble tiny parasols that, 

when expanded, form a defensive “second skin.” They pro- 

duce a painful reaction in humans. 

Nonpoisonous pedicellariae are used for defense or for 

cleaning the body surface, biting, and breaking up small parti- 

cles of debris, which are then removed by the surface cilia. 

When the pedicellariae are touched on the outside, they snap 

open; when touched on the inside, they snap shut. Pedicellar- 

iae also respond to chemical stimuli. 

Body Wall 

The body wall of echinoids is composed of the same layers as 

in asteroids. A ciliated epidermis permanently covers the 

outer surface, including the spines, except for in pencil 

urchins (Cidaroida), in which the epidermis wears off the 
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FIGURE 28-30 Echinoidea: external anatomy of the regular urchin, Arbacia punctulata. A, Oral view. 

B, Aboral view. (Modified and redrawn after Reid, W. M. 1950. Arbacia punctulata. In Brown, F. A. (Ed.): Selected 

Invertebrate Types. John Wiley and Sons, New York. pp. 528-538.) 

spines. Basally in the epidermis is a nerve layer and below a 

connective-tissue dermis that contains the flattened and fused 

skeletal plates. A muscle layer is absent because the ossicles 

are immovable, and the inner surface of the test is covered by 

the ciliated epithelial lining of the perivisceral coelom. 

Locomotion 
Sea urchins are adapted for life on both hard and soft bottoms, 

and spines and tube feet are used in movement. The tube feet 

function in the same manner as those of the sea stars, and 

FIGURE 28-31 Echinoidea: the test of regular urchins. A, The periproct and surrounding plates (apical system) 

of the regular urchin Strongylocentrotus droebachiensis. B, Surface view of part of a sea urchin test, showing the 

tubercles (balls) to which the spine sockets were attached, the pore pairs for tube feet, and the junction lines 

(sutures) of adjacent plates. Compare with Figure 28-37B. (A, Modified and redrawn after Loven from Ludwig.) 
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FIGURE 28-32 Echinoidea: spines of regular urchins. 
A, Section through the base of a pencil urchin (Cidaris) 
spine, showing muscle and collagen sheaths. B, The poison 
spine of Asthenosoma varium, an Indo-Pacific species. 
(A, From Cuenot, L. 1948. Echinodermes. In Grasse, P. (Ed.): 

Traite de Zoologie, Vol. XI. Masson et Cie, Paris. Reprinted by 

permission; B, After Sarasins from Hyman, L. Ii. 1955. The 

Invertebrates. Vol. IV. McGraia-Hill Book Co., New York. 

Reprinted by permission.) 

spines may be used for pushing and raising the oral surface off 

the substratum. Sea urchins can move in any direction without 

turning, and any one of the ambulacral areas can act as the 

leading section. If overturned, urchins right themselves by suc- 

cessively attaching, from aboral to oral, the tube feet of one 

ambulacral area, thus rolling the body upright. Righting may 

also involve specialized movements of the spines. 

Movement of sea urchins is closely related to feeding activity. 

For example, Strongylocentrotus franciscanus in kelp beds off the 

California coast exhibits movement of about 7.5 cm per day, 

but where food supplies are low, movement may be as great as 

50 cm per day. 

Some sea urchins tend to seek rocky depressions (Fig. 

28-35A), and some species are capable of increasing the depth 

of such depressions or even boring into rock and other hard 

surfaces (Fig. 28-35B). Boring is performed largely by the 

scraping action of the jaw apparatus. 

Boring behavior appears to be an adaptation to counter- 

act excessive wave action, and these species are largely found 

in habitats exposed to rough water. One of the most notable 

boring sea urchins is Paracentrotus lividus, which lives along 

the coast of Europe. This sea urchin riddles rock walls with 

burrows. When the burrows are shallow, the animal leaves to 

feed, but it remains permanently within deeper burrows, 

FIGURE 28-33 Echinoidea: spines of the regular urchin 
Diadema. A, Species of Diadema of the Caribbean and 
Indo-Pacific have long, hollow, needlelike spines that can 
inflict painful punctures when the urchin is handled or 
stepped on. This West Indian species is common on reefs, 
where it lives in sheltered or protected recesses on exposed 
or sand bottoms. B, Section of a spine of Diadema. Circlets 
of barbs are directed toward the spine tip. 
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FIGURE 28-34 Echinoidea: external 

anatomy of a regular urchin in lateral view. Left 

side: test only; right side: spines, tube feet, and 

epidermis intact. (After Messingfrom Hendler, G., 

Miller, J. E., Pawson, D. L, and Kier, P. M. 1995. 

Sea Stars, Sea Urchins, and Allies. Echinoderms of 

Florida and the Caribbean. Smithsonian Institution 

Press, Washington and London, p. 199.) 

which often have entrances too small to permit exit. Echi- 

nometrids are common boring species on tropical reefs. The 

urchins can usually be seen within their shallow, irregular 

grottoes, but are difficult to remove without breaking the 

surrounding rock. The West Indian Echinometra honeycombs 

coralline rock in surge areas, but nonburrowing populations 

of this species are sometimes encountered. Strongylocentrotus 

purpuratus is a surge-loving sea urchin found along the 

Pacific coast of North America that commonly burrows in 

soft rock. 

WVS and Other Coeloms 
The WVS of echinoids is essentially like that of the sea stars 

(Fig. 28-36). One of the genital plates around the periproct is 

modified as the madreporite (Fig. 28-31A). A slender stone 

canal, typically less calcified than that of asteroids, descends 

orally to join the ring canal. The ring canal encircles the 

esophagus and lies in the aboral membrane of the jaw appara- 

tus. (In the jawless heart urchins it is on the inner surface of 

the peristomial membrane.) Radial canals extend from the 

Aboral tube foot 

FIGURE 28-35 Echinoidea: rock-boring regular urchins. A, The Caribbean Echinometra lacunter, which bores 

into limestone with its teeth and spines, in its burrow. B, The Indo-Pacific Echinostrephus molaris feeding on 

pieces of algae collected at the entrance to its burrow. (B, From De Ridder, C., and Lawrence, f. M. 1982. Food and 

feeding mechanisms: Echinoidea. In fangoux, M., and Lawrence, f. M. (Eds.): Echinoderm Nutrition. A. A. Balkema, 

Rotterdam, p. 90.) 
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FIGURE 28-36 Echinoidea: internal anatomy of the regular urchin Arbacia punctulata. (Modified and redrawn 

after Petrunkevitch from Reid in Brown, F. A. (Ed.): Selected Invertebrate Types. John Wiley and Sons, New York. pp. 528-538.) 

ring canal and run along the inside of the ambulacral areas of 

the test. Each radial canal terminates aborally in a small termi- 

nal tentacle, which penetrates the apicalmost ambulacral plate. 

The lateral canals of one side of the radial canal alternate with 

those of the other side and terminate in ampullae and tube 

feet. These canals are also doubled: From each ampulla two 

canals pass through a pore pair, piercing the ambulacral plate 

to join the tube foot (Fig. 28-37A). Sea urchins have long tube 

feet that must be able to reach beyond the spine tips to be 

effective. Internally, the tube feet are often partitioned length- 

wise by a septum, which separates the bidirectional flow 

of coelomic fluid into outgoing and incoming streams (Fig. 

28-37A). The two ampullar canals accommodate these two 

streams. The muscular suckers of sea urchin tube feet have an 

internal frame of specialized frame ossicles that oppose the 

tendency of the sucker to buckle under load (Fig. 28-37A). 

The perivisceral coelom is spacious, occupying up to 75% 

of the body volume. The hyponeural coelom and the genital 

coelom are similar to those of asteroids. 

Nutrition 
Sea urchins feed using a highly developed protrusible jaw 

apparatus called Aristotle’s lantern, composed of a complex 

set of circumpharyngeal ossicles and muscles (Fig. 28-38). 

The jaw apparatus is absent in heart urchins, but present in 

other irregular echinoids (to be discussed later). The pen- 

tamerous apparatus consists of five large, calcareous plates, 

the pyramids, each of which is shaped like an arrowhead 

with the point directed toward the mouth. Each pyramid is 

joined to adjacent pyramids by transverse muscles. Along 

the vertical midline on the inner side of each pyramid is a 

long, calcareous tooth band. The oral end of the band pro- 

jects beyond the tip of the pyramid as an extremely hard, 

pointed tooth. Because there is one tooth band for each 

pyramid, five teeth project from the oral end of the lantern 

(Fig. 28-30A). The curled, upper end of the tooth band is 

enclosed in a dental sac, the region of tooth growth. In 

Paracentrotus lividus, new tooth material is produced at a rate 

of about 1 to 1.5 mm per week. In addition to the teeth and 

pyramids, Aristotle’s lantern includes several smaller, rodlike 

pieces at the aboral end. 

Specialized muscles protrude and retract the lantern and 

teeth through the mouth, and rock the lantern from side to 

side. Other muscles control the teeth, which can be opened 

and closed. These lantern and teeth movements allow urchins 

to scrape, grasp, pull, and tear. 

The majority of sea urchins graze the substratum with their 

teeth. Although algae are the key food, most sea urchins are 

generalists and include a wide range of plant and animal 

material in their diets. Moreover, the diet of a particular 

species varies from area to area, depending on availability. 

Lytechinus variegatus, an inhabitant of turtle-grass beds, con- 

sumes about 1 g of grass per day. The ecological significance of 

urchin grazing was dramatically revealed following the 1983 

crash in Caribbean populations of the long-spined Diadema 

antillarum. In the absence of this urchin, the algal mat on dead 

coral increased in thickness from 1 to 2 mm to 20 to 30 mm. 

Boring sea urchins feed on algae growing on the walls of 

their shallow burrows, as well as on suspended algal fragments 
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FIGURE 28-37 Echinoidea: tube feet as gills in regular and irregular echinoids. A, Section of the body wall, 

ampulla, and tube foot of Strongylocentrotus. All tube feet are suckered and partially septate, separating the 

oxygenated and deoxygenated ciliary flows. B, Aboral center of the test of the sand dollar Mellita. The four 

large holes at the edges of the central star (madreporite) are gonopores. The fifth gonopore (and gonad) is 

absent in the interambulacrum that bears the rectum and anus. Below the star is the base of a petaloid with a 

double row of transverse grooves. Each groove corresponds to a compressed petaloid tube foot used for gas 

exchange. Two small holes, one at each end of a groove, are the pore pair for the petaloid tube foot. C, Diagram 

of two petaloid tube feet across one petaloid of a sand dollar. Arrows show countercurrent flow of external 

seawater and internal coelomic fluid. (A, Modified and redrawn from Lang, 1894; C, Adapted from Fenner, D. H. 1973. 

The respiratory adaptations of the podia and ampullae of echinoids. Biol. Bull. 145:323-339.) 

and other organic debris captured by the tube feet. Echinostre- 

phus molaris of the Indo-Pacific sits at the mouth of its burrow 

and, when debris touches the spines or long tube feet, the 

spine tips converge and grasp it (Fig. 28-35B). 

Aristotle’s lantern encloses the buccal cavity and pharynx 

(Fig. 28-36). The pharynx joins the esophagus. The esophagus 

descends along the outer side of the lantern and then enters 

the widened stomach. At the junction of the esophagus and 

stomach, a blind pouch, or cecum, is usually present. The 

stomach, which is suspended by a mesentery, circles (counter- 

clockwise in aboral view) the body cavity in the equatorial 

plane. It then turns 180° and joins the intestine, which circles 

the body cavity clockwise in aboral view. The intestine is 

arranged in drapelike festoons suspended by mesenteries. It 

joins a vertical rectum, which empties through the anus. 

In most echinoids a slender, tubular bypass, the siphon, 

parallels the inner edge of the stomach for some or all of its 

length (Fig. 28-36). The siphon originates from the esophagus 
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FIGURE 28-38 Echinoidea: Aristotle's lantern of regular 

echinoids. Lateral view of the lantern of Sphaerechinus granularis. 

(From De Ridder, C., and Laivrence, J. M. 1982. Food and feeding 

mechanisms: Echinoidea. In Jangoux, M., and Laivrence, J. M. (Eds.): 

Echinoderm Nutrition. A. A. Balkema, Rotterdam, p. 81.) 

near its junction with the stomach and rejoins the gut at the 

union of the stomach and intestine. 

Chewing movements of the teeth remove bits of food and 

compact them in the buccal cavity, which secretes mucus that 

binds the particles into a pellet. Radial muscles cause the 

pharynx to dilate and swallow the food pellets. Additional 

mucus supplied by the pharynx lubricates the pellets, facilitat- 

ing transport through the remainder of the gut. The pluglike 

pellets are moved through the esophagus by peristalsis and 

water is removed by the siphon before the pellets enter the 

stomach. The stomach secretes enzymes and is responsible 

for extracellular digestion, endocytosis, intracellular diges- 

tion, and nutrient storage. By removal of excess water from 

the food pellets, the siphon probably prevents dilution of 

the stomach’s digestive enzymes. Although some extracellu- 

lar digestion, carried over from the stomach, may occur in the 

intestine, it functions chiefly in endocytosis, intracellular 

digestion, and nutrient storage. The rectum and anus form 

and release feces, respectively. 

Internal Transport, Gas Exchange, and Excretion 
Coelomic fluid is the principal circulatory medium, and coelo- 

mocytes are abundant. The echinoid hemal system is well 

developed and there is a complex network of vessels in the 

wall of the gut mesenteries, but next to nothing is known 

about the function of this system or its colorless blood. It has 

the same basic design as that of asteroids, but gastric hemal 

tufts are absent. 

Most sea urchins have five pairs of peristomial gills on 

the peristomial membrane (Fig. 28-30A). Each is a highly 

branched outpocket of the peripharyngeal (lantern) coelom 

and lined with ciliated peritoneum. Coelomic fluid is pumped to 

and from the gills by a system of muscles and ossicles associated 

with Aristotle’s lantern. The peristomial gills are probably the 

gas-exchange surface for the extensive lantern musculature. 

As in other echinoderms, echinoid tube feet are gills that 

supply the WVS and perivisceral cavities. The physical separa- 

tion of opposing fluid streams by a septum in the foot as well 

as separate canals between foot and ampulla reduces the diffu- 

sive loss of oxygen from the incoming 02-rich stream to the 

outgoing 02-depleted flow (Fig. 28-37). In many sea urchins 

the more aboral tube feet are specially modified to enhance 

gas exchange. The aboral tube feet may lack suckers, and in 

Arbacia they are flattened. 

Coelomocytes remove particulate wastes and carry these 

accumulations to the gills, tube feet, and axial organ for 

disposal or storage. Some coelomocytes form clots and are 

important in wound healing. The heart-kidney (axial organ 

complex) is similar to that of asteroids. 

Nervous System 
The nervous system is similar to that of ophiuroids (Fig. 

28-36). A circumoral nerve ring encircles the pharynx inside 

the lantern, and the radial nerves pass between the pyramids 

of the lantern and run along the underside of the test. The 

ectoneural components of the radial nerves lie in epineural 

canals just below the radial canals of the WVS and hyponeural 

coelom (Fig. 28-37A). 

The numerous sensory cells in the epithelium, particularly 

on the spines, pedicellariae, and tube feet, compose the major 

part of the echinoid sensory system. The buccal podia of sea 

urchins, the tube feet around the circumference of heart 

urchins, and the tube feet of the oral surface of sand dollars 

are all important in sensory reception. 

Except for pencil urchins, echinoids have statocysts, which 

are located in spherical bodies called spheridia. In sea urchins 

the few to many spheridia are stalked and located at various 

places along the ambulacra. In sand dollars spheridia are situ- 

ated near the peristome and buried in the test. The spheridia 

function in gravitational orientation. 

Echinoids are, in general, negatively phototactic and many 

tend to seek the shade of crevices in rocks and or under shells. 

Some species of sea urchins, such as Tripneustes, Lytechinus, 

Strongylocentrotus, and the sea biscuit, Clypeaster, cover them- 

selves with shell fragments and other objects using the tube 

feet (Fig. 28-39). The adaptive significance of this behavior is 

uncertain, but clearly it is a light response. Tripneustes, for 

example, covers more in the summer than in the winter and 

FIGURE 28-39 Echinoidea: sea urchin sunscreen. Lytechinus 

variegatus covers its aboral surface with shells, stones, and algae in 

response to light. 
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FIGURE 28-40 Echinoidea: irregular urchins. Heart urchins (Spatangoida). A, Meoma ventricosa 
from the West Indies (aboral view of the test). B, Meoma (oral view of the test). C# Moira atropos in 
its burrow. (A and B, Modified and redrawn from Hyman, L. H. 1955. The Invertebrates. Vol. TV. McGraw-Hill 
Book Co., New York. Reprinted with permission.) 

FIGURE 28-41 Echinoidea: irregular urchins. Sea biscuit and sand dollar (Clypeasteroida). A, Side 
view of the test of the sea biscuit Clypeaster. B, The aboral surface of the test of the arrowhead sand 
dollar, a species of Encope. 
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the related Lytechinus drops its cover at night. When a Lytechi- 

nus in darkness is partly illuminated experimentally, it covers 

only the lighted part of the body. 

Irregular Echinoids 
Irregular echinoids are depressed along the oral-aboral axis so 

that the body resembles an egg on its side, a low dome, or 

a flat disc, as represented by heart urchins, sea biscuits, and 

sand dollars, respectively (Fig. 28-40C, 28-41, 28-42C). Depres- 

sion of the body creates an equatorial rim, like the edge of 

the pre-Columbian flat Earth, and the anus is relocated to that 

rim or midway between the pole and rim (Fig. 28-40B, 

28-42B,D). Depression of the body, and especially the reposi- 

tioning of the anus, imposes a bilateral symmetry on the 

pentamerous body. This new symmetry is not only formal, but 

also functional: Irregular urchins move forward along a fixed 

anterior-posterior axis, with the anterior end opposite of the 

posterior, anus-bearing end. The lower surface of the body is 

functionally ventral and modified differently from the upper 

dorsal surface. 

Irregular echinoids are adapted to move over or through 

sand or mud. In contrast to sea urchins, the test is carpeted 

with short spines, which are used instead of tube feet for loco- 

motion (Fig. 28-40C, 28-41 A, 28-42C,F). They also are 

employed to remove sediment from the body surface and for 

other tasks. 

As in sea urchins, tube feet in ambulacra cover the surface 

of the body, but on the ventral (oral) and dorsal surfaces they 

are specialized for different functions. The ventral ambulacral 

areas, called phyllodes, bear tube feet modified for food han- 

dling or adhesion (Fig. 28-42B, 28-43). The dorsal ambulacral ar- 

eas resemble the petals of a flower and are known, appropriately, 

as petaloids (Fig. 28-37B, 28-40A, 28-42A). The petaloid tube 

feet are broad, flat gills (Fig. 28-37C). (Irregular echinoids lack 

peristomial gills.) The ciliary water current over the petaloid 

tube feet flows in the opposite direction to the flow of WVS 

coelomic fluid within the gill. This countercurrent exchange 

ensures a favorable gradient for the uptake of oxygen. A similar 

countercurrent exchange occurs between the fluid in the 

ampulla and the surrounding fluid of the perivisceral coelom. 

Irregular urchins are primarily selective deposit feeders, 

ingesting organic material as they burrow through the sedi- 

ment. The alimentary canal of irregular echinoids is more or 

less like that described for sea urchins, although the rectum 

extends posteriorly to join the repositioned anus. 

CLYPEASTEROIDA The clypeasteroids are the sea biscuits 

(cake urchins) and sand dollars, which live on or immediately 

below the surface of sand. The domed sea biscuits, such as 

Clypeaster (Fig. 28-41 A), have an oval outline and a very dense, 

sturdy skeleton, whereas the sand dollars are circular, highly 

flattened, fragile discs (Fig. 28-42). The mouth, five jaws, and 

peristome are at the center of the undersurface, but the anus 

is repositioned posteriorly along an interambulacrum. The 

madreporite is a single pentagonal plate at the north pole, 

from which radiate the five petaloids. In most clypeasteroids, 

the four interambulacral corners of the madreporic plate bear 

a genital pore, but the fifth genital pore and gonad are absent, 

having been displaced by the repositioned rectum and anus 

(Fig. 28-37B). 

The body margin of some common sand dollars, such as 

species of Mellita, has conspicuous elliptical slots known as 

lunules (Fig. 28-42A,B). Lunules vary in number from two to 

many and are symmetrically arranged. In most cases the 

lunules develop from notches on the perimeter of the body 

that, with growth, become incorporated into the test (Fig. 

28-41B). In lunulate sand dollars, the anus occurs in the anal 

lunule, whereas in dollars lacking lunules, the anus is on the 

posterior rim. Sand dollars live immediately below the sand 

surface, and the five-lunuled Mellita quinquiesperforata of the 

southeastern United States occupies current-swept beaches. 

The winglike profile of their lightweight bodies subjects them 

to lift and dislodgment by water currents. By creating holes in 

the “wing” and equalizing pressure above and below, the 

lunules may help to reduce lift and keep the dollars in place. 

Mellita feeds on particles the tube feet pick up from the sub- 

stratum beneath the oral surface of the animal. These tube 

feet are irregularly scattered across the oral surface (the radial 

water canal has lateral lobes). Particles are passed from tube 

foot to tube foot, in bucket-brigade fashion, to the food 

grooves and then down the grooves to the mouth (Fig. 28-43). 

The jaws crush diatoms and other particles, even sand grains. 

The slotless sand dollars of the U.S. west coast, Dendraster 

excentricus (Fig. 28-42D), are suspension feeders that live in 

aggregations (beds) of up to 2000/m2. Although Dendraster 

feeds like other dollars, under moderate to high water-flow 

conditions, it will stand on edge and align itself with the cur- 

rent. Food includes not only particles that pass between the 

spines but also diatoms and algal fragments collected by the 

tube feet and small crustaceans caught by the pedicellariae. 

Some sand dollars can right themselves if turned over. In 

righting itself, the animal burrows its anterior end into the sand, 

gradually elevates its posterior end, and eventually flips its body 

over. Mellita quinquiesperforata partially elevates its body and then 

apparently depends on water currents to flip it onto its oral 

surface. 

The massive sea biscuit Clypeaster rosaceus of Florida and the 

West Indies does not burrow, but rather rests on the surface of 

sandy bottoms. Its weight holds it in place while its sturdy 

skeleton, about as impregnable as rock, deters predation. 

SPATANGOIDA Heart urchins are fragile, egg-shaped ani- 

mals that resemble small porcupines (Fig. 28-40C). The long 

dimension of the body is the anteroposterior axis (Fig. 

28-40A,B). The oral surface is flat and the aboral surface is 

arched. On the dorsal side of the body, the five ambulacra are 

modified into four petaloids and one anterior ambulacrum 

that is submerged into a heartlike cleft (Fig. 28-40A). The 

anterior ambulacrum bears specialized tube feet, described 

below. Ventrally, the mouth and peristome are shifted anteri- 

orly and the anus and periproct. are repositioned along an 

interambulacrum to the posterior margin of the body. The 

anterior three ambulacra are short and the posterior two are 

long (Fig. 28-40B). The few tube feet are localized, long, and 

specialized. Spatangoids lack jaws. They occupy soft or muddy 

bottoms and deposit feed on fine particles. 

A heart urchin burrows into sediment by inclining its ante- 

rior end downward and digging with specialized paddle- 

shaped spines on the ventral side of the body (Fig. 28-40C). 

Eventually, most heart urchins, such as Moira atropos, excavate 
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FIGURE 28-42 Echinoidea: irregular urchins. Sand dollars (Clypeasteroida). A-C, Mellita 
quinquiesperforata, the five-slotted sand dollar of the Atlantic coast of the United States. A, Aboral 
(dorsal) view of the test. B, Oral (ventral) view of the test. C, Anterior view of a specimen with the 
spines intact. D, Aboral (dorsal) view of the test of Dendraster excentricus from the Pacific coast of the 
United States. E, Aboral view of the test of a species of Laganum from the Indo-Pacific. F, Scanning 
electron micrograph (SEM) of the aboral spines of Mellita. 
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FIGURE 28-43 Echinoidea: irregular urchins. Section through a food 
groove on the oral surface of a sand dollar (Clypeasteroida), showing a 
food mass being moved by the tube feet. Many movable, club-shaped 
spines rise above the tube feet. 

a subterranean gallery and feed as they slowly tunnel forward. 

(Some heart urchins, however, remain buried in one spot 

below the surface of the sand.) To maintain contact with oxy- 

genated surface water, they dig a vertical ventilation shaft with 

incredibly long and large tube feet that extend upward from 

the dorsal anterior ambulacrum (Fig. 28-40C). These dorsal 

tube feet, which have expanded and elaborate tips, also are 

used to plaster the shaft and gallery walls with stabilizing 

mucus. Specialized dorsal spines assist the tube feet and pro- 

tect them when the feet are withdrawn. Tracts of small, ciliated 

spines (fascioles) pump surface water into the gallery, over 

the body, and out through the posterior tunnel into the 

porous sand. 

Heart urchins obtain food using modified tube feet on the 

ventral surface near the mouth (Fig. 28-40C). These large 

tube feet grope about on the sand surface of the gallery, pick- 

ing up fine food particles. A short, blind sanitary tunnel is 

excavated behind the body by a group of large subanal tube 

feet. Feces are deposited in the tunnel, which is downstream 

of the ventilatory flow. Some intertidal species, such as the 

Indo-Pacific Lovenia, come to the surface at low tide and 

rebury themselves when the tide returns. Lovenia can bury it- 

self in 1 min, but other species may take as long as 50 min. 

Reproduction 
All echinoids are gonochoric. A regular echinoid has five 

gonads suspended along the interambulacra on the inside of 

the test (Fig. 28-36), but most sand dollars and sea biscuits 

have only four and heart urchins have three or two. A short 

gonoduct extends aborally from each gonad and opens at 

a gonopore located on one of the five genital plates (Fig. 

28-30B, 28-31A, 28-37B). Some burrowing sand dollars have 

long genital papillae that permit the release of eggs or sperm 

above the sand surface. 

Sperm and eggs are shed into the seawater, where fertiliza- 

tion takes place. Brooding occurs in some cold-water sea 

urchins and heart urchins, and there is a brooding species of 

sand dollar. Brooding sea urchins retain their eggs on the 

peristome or around the periproct and use the spines to hold 

the eggs in position. The irregular forms brood their eggs in 

deep concavities on the petaloids. 

Development and Metamorphosis 
Cleavage is equal up to the eight-cell stage, after which the blas- 

tomeres at the vegetal pole generate four small micromeres. A 

typical blastuia ensues and becomes ciliated and free-swimming 

within 12 h after fertilization. 

Gastrulation is typical but preceded by an interior prolifera- 

tion of mesenchymal cells originating from the micromeres. 

The mesenchyme forms some larval muscles and the larval 

skeleton. The coelom arises by separation of the free end of 

the archenteron. It then divides into right and left pouches, or 

lateral divisions may appear before separation is complete. The 

gastrula becomes somewhat cone-shaped (prism stage) and 

gradually develops into a planktotrophic larva, the echinoplu- 

teus. Like the ophiuroid pluteus, the echinopluteus bears four 

pairs of long larval arms, each supported by an internal skeletal 

rod (Fig. 28-44A). The spatangoid echinopluteus is distinctive 

for its two additional pairs of lateral arms and an especially 

distinctive unpaired posterior arm. The echinopluteus swims 

FIGURE 28-44 Echinoidea: larva and larval 
metamorphosis. A, Echinopluteus larva of the 
sand dollar Fibularia craniola. B, An echino- 
pluteus showing the juvenile rudiment. (A, After 
Mortensen from Hyman, L. H. 1955. The 
Invertebrates. Vol. IV. McGraw-Hill Book Co., 
New York.) 
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and feeds for as long as several months. During laterlarval life 

the juvenile rudiment forms on the left side of the larval body, 

its oral-aboral axis perpendicular to the larval body axis (Fig. 

28-44B). The echinopluteus gradually sinks to the bottom, but 

unlike the asteroid brachiolaria, which attaches with special- 

ized larval arms, it adheres with tube feet extending from the 

juvenile rudiment. Metamorphosis is rapid, taking place in 

about an hour. Young urchins are no larger than 1 mm. 

The larvae of Dendraster excentricus, the common sand dollar 

along the U.S. Pacific coast, settles and metamorphoses in 

response to a substance released by adults. Such preferential 

settlement explains why this species, and many other sand dol- 

lars, occurs in sand beds with high population densities. The 

life span of Dendraster is about eight years and sand-dollar beds 

persist for decades. 

Growth rates are known for only a few echinoids. Two sand 

dollars from the Gulf of California, Encope grandis and Mellita 

grantii, which reach diameters of 74 and 38 mm, respectively, 

require five years to attain 95% of their maximum size. The 

annual mortality rate is 18% for Encope and 58% for Mellita. 

Strongylocentrotus purpuratus from off the California coast, one 

of the best-known sea urchins, reaches sexual maturity during 

its second year when only 25 mm in diameter, but may live 

30 years or more. 

Diversity of Echinoidea 
CidaroidasC: Have simple (noncompound) ambulacral 

plates, each with one pore pair; widely separated primary 

spines, small secondary spines; jaw muscles attached to 

interambulacral plate processes; gills and spheridia absent. 

150 spp. Pencil urchins Cidaris, Eucidaris, Notocidaris. 

EuechinoidasC: Ambulacral plates are compound, each 

formed of three or more primary plates with two or more 

pore pairs; jaw muscles attach to ambulacral plate processes. 

800 spp. 

Echinothuroida0: Mostly deep-water leather urchins with a 

flexible test and poison sacs near the spine tips. Asthenosoma. 

Diadematoida0: Regular urchins with a rigid or flexible test 

with hollow spines; have 10 oral plates on peristomial mem- 

brane. Diadema, Plesiodiadema. 

Echinacea0: Regular urchins with a rigid test and solid 

spines. Gills are present. Arbacia, Echinometra, Echinostrephus, 

Echinus, Lytechinus, Paracentrotus, Psammechinus, Toxopneustes, 

Tripneustes, Strongylocentrotus. Slate pencil urchins Colobocen- 

trotus, Heterocentrotus. 

The remaining two taxa constitute the “irregular” (bilat- 

erally symmetric) urchins. 

Clypeasteroida0: Sea biscuits and sand dollars specialized 

to live on or just below sediment surface. Test is slightly 

depressed to flat; jaws and petaloid tube feet are present; 

anus is displaced posteriorly. Clypeaster, Dendraster, Encope, 

Fibularia, Mellita, Rotula. 

Spatangoida0: Oval, elongate heart urchins. Mouth is shifted 

anteriorly, anus posteriorly. Jaws are absent. Echinocardium, 

Eovenia, Meoma, Moira, Spatangus. 

HOLOTHUROIDEAc 

The holothuroids, or holothurians, are the sea cucumbers, a 

taxon of only 1200 species that has radiated into a greater 

number of different habitats than any other group of echino- 

derms. Many cucumbers burrow, some crawl on sand, others 

occupy crevices, still others attach to hard surfaces, a few 

climb on algae, and a handful are pelagic. Burrowers and 

crevice dwellers may resemble a cucumber, banana, or worm; 

crawlers imitate a giant caterpillar, those on hard surfaces can 

mimic a chiton, and swimming species resemble a parasail or 

umbrella. Ranging in size from a few millimeters for the inter- 

stitial Leptosynapta minuta to 2 m for the tropical Holothuria 

thomasi, most cucumbers are greater than 10 cm in length and 

often have robust, meaty bodies. Approximately one-third of 

the species live in the deep sea (more than 60% of the Earth’s 

surface), where they can account for up to 90% of the benthic 

biomass. 

Form 
Holothuroids lack arms and the oral surface and ambulacra 

are expanded aborally along the elongate polar axis. The 

great length of the polar axis requires the animal to lie with 

the side of the body, rather than the oral pole, against the 

substratum. The body side on the substratum, the functional 

ventral surface, includes three ambulacra (trivium), and is 

DORSAL 

Reduced tube feet of 
dorsal ambulacra 

Crown of 10 
dendritic buccal podia 

Gonopore 

Introvert 

VENTRAL 

Tube feet of ventral 
ambulacra (forming 
trivium, or sole) 

Anus 

FIGURE 28-45 Holothuroidea: The North Atlantic sea cucumber 
Cucumaria frondosa. 
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FIGURE 28-46 Holothuroidea: form of the tiny tropical Synaptula 

hydriformis (Apodida), a wormlike holothuroid that lacks tube feet but 

clings to algae using anchor-shaped ossicles (see Figure 28-47), seen as 

white patches in this photograph. 

commonly called the sole, whereas the dorsal side includes 

two ambulacra (bivium; Fig. 28-45). This arrangement super- 

imposes bilateral symmetry on the body of many sea cucum- 

bers, but it is unlike that of echinoids. Burrowing species 

generally lack a sole and exhibit pentamerous symmetry. 

Depending on the species of cucumber, tube feet may 

be concentrated in ambulacral rows (Thyonella, Cucumaria; 

Fig. 28-45), scattered more or less uniformly over the surface 

(Thyone, Sclerodactyla), or absent (Leptosynapta, Synaptula; Fig. 

28-46). When present, those on the ventral surface usually 

have suckers. The dorsal tube feet, on the other hand, may 

bear suckers, but often they are reduced to warts or slender 

papillae, or are absent altogether. 

Fhe mouth and anus are at opposite ends of the long body 

and the mouth is surrounded by large, sometimes branched 

buccal podia (tentacles), which are specialized oral tube feet 

(Fig. 28-45, 28-50). There are 10 to 30 buccal podia, depend- 

ing on taxon. Unless the animal is feeding, the buccal podia 

usually are retracted and a sphincter muscle constricts the oral 

end of the body. In some species, a short, collarlike section 

of the trunk, the introvert, is retracted with the tentacles (Fig. 

28-45). A sphincter muscle also closes the anus. When both 

openings are closed, it can be difficult to distinguish between 

the oral and anal ends of the body. 

Body Wall 
The typically soft and leathery body wall includes a thin cuti- 

cle, a nonciliated epidermis, and a thick dermis. The der- 

mis, sometimes also the connective-tissue sheath of the tube 

FIGURE 28-47 Holothuroidea: ossicles. An anchor and its anchor 

plate are shown at lower left. (After Bell.) 

feet, contains microscopic ossicles, which occur in a variety 

of shapes, often in a single animal (Fig. 28-47). Large, abo- 

ral protective plates, like those of chitons, occur in some 

species (Psolus, Ceto) that attach to exposed rock surfaces. 

Ossicles are used by sea cucumbers to toughen and protect 

their body walls and by taxonomists to classify holothuroids. 

A pair of distinctive ossicles, called an anchor and anchor 

plate, occurs in the body wall of Leptosynapta and relatives 

(Apodida), all of which lack tube feet (Fig. 28-47). The 

sharp flukes of the anchor protrude from the body wall, 

catch on sediment or algae, and help secure the cucumber. 

When handled by humans, Leptosynapta sticks to skin like a 

bur, or sticktight, to clothing. The collagenous dermis is a 

mutable connective tissue that under duress can be cross- 

linked to nearly rock hardness in some species or softened 

to such a degree that the body literally disintegrates and 

drips between the fingers, killing the animal, as in the Indo- 

Pacific Stichopus chloronotus (Fig. 28-2) or Isostichopus badiono- 

tus of the West Indies. 

Internal to the dermis is a thin sheet of circular muscula- 

ture followed by five longitudinal muscle bands. Each well- 

developed longitudinal band lies along an ambulacrum, on 

the coelomic side of a radial canal. All muscles are smooth. 

The dermis itself encloses several canals, all of which are 

located below the longitudinal muscle bands. From outside to 

inside, the canals are the epineural canal and its ectoneural 

radial nerve, the hyponeural radial canal and its hyponeural 

radial nerve, and the radial canal of the WVS. 

Large sea cucumbers are an important food in Asian cui- 

sine. Japanese and Korean cucumber fisheries harvest over 

13,000 metric tons per year of Stichopus japonicus, which is also 

aquacultured for human consumption. Another 625 metric 

tons per year are provided by species of Parastichopus from the 

United States and Canada. The five muscle bands are 

removed, combined with other ingredients, cooked, and con- 

sumed. Gutted and dried species of Holothuria and Actinopyga, 

which resemble giant insect pupae, are rehydrated, cooked, 

and eaten, partly as an aphrodisiac, in China and Malaysia. 

These dried cucumbers are known locally as trepang or beche- 

de-mer. 
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Locomotion and Lifestyle 
A cylindrical body, flexible body wall, antagonistic muscle lay- 

ers, and a large, fluid-filled hydrostat (perivisceral coelom) are 

all reminiscent of other soft-bodied animals, such as sea 

anemones and worms. Like worms, some holothuroids burrow 

using peristalsis, and like anemones, some expand and con- 

tract the body, change the body volume, or rhythmically flex it 

and swim. Cucumbers with a sole, such as Stichopus, creep on 

their tube feet in the manner of a sea star and, if dislodged, 

right themselves by twisting the oral end until the tube feet 

touch the substratum. Some tiny species, such as Synaptula or 

Leptosynapta, drag themselves along with their buccal podia. 

All of these movements, however, are slow, and sea cucumbers 

in general are sluggish animals. Many, in fact, are nearly ses- 

sile, particularly those that live in rock crevices (Cucumaria, 

Holothuria), on hard surfaces (Psolus), or in semipermanent 

burrows (Sclerodactyla, Leptosynapta, molpadiids; Fig. 28-48). 

Swimmers occur among approximately one-half of the 

species of the deep-sea Elasipodida (Fig. 28-49B,C). The remain- 

ing species are benthic and have greatly enlarged tube feet on 

which they walk over the seabed. The flat sole and downturned 

buccal podia and mouth convey a bilateral symmetry on the 

body (Fig. 28-49A). Pelagic species, most of which are facultative 

swimmers, have papillae webbed together in various ways to 

o 

Tentacles 

A 

FIGURE 28-48 Holothuroidea: habitats and lifestyles. Animals are not drawn to scale. The genera 

named below have common species that illustrate a particular lifestyle. A, Inhabitants of rock crevices 

(Cucumaria, Holothuria); inhabitants of the undersurfaces of large stones (Holothuria, Euapta); rock 

and sediment-surface dwellers (Stichopus, Holothuria, some apodidans); inhabitants of marine-plant 

surfaces (Synaptula); burrowers that dig two openings to the sediment surface (Thyone, Sclerodactyla, 

Thyonella, Cucumaria, Echinocucumis); burrowers with tentacles that project to (Synapta) or just 

below the surface (Leptosynapta); burrowers with the anus projecting to the surface (Leptopentacta, 

Caudina). B, The north Pacific Stichopus californicus in a tank with bat stars, Patiria miniata, both from 

the west coast of the United States. Species of the widely distributed genus Stichopus are large sea 

cucumbers (over 36 cm) with tough body walls. 
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FIGURE 28-49 Holothuroidea: diversity (Elasipoda). A, Three specimens of Scotoplanes crawling over 
the bottom in the San Diego trough (1060 m deep). The leglike structures are tube feet. B, Pelagothuria 
natatrix, a pelagic species having a circlet of long, webbed papillae behind the mouth and buccal podia. 
This species alternately hangs suspended in the water and swims using a rearward thrust of the web. 
C, The benthic species Enypniastes eximia leaving the bottom on a brief swimming excursion. This 
species and Pelagothuria are medusa-like in behavior and in the gelatinous consistency of their bodies. 

form fins, sails, or medusa-like bells. The transparent bathy- 

pelagic Peniagone diaphana lives up to 70 m off the bottom, hold- 

ing its body in a vertical position, buccal podia upward. 

Digestive System and Nutrition 
The digestive system is basically a long tubular gut, often 

coiled, with mouth and anus at opposite ends of the body. The 

mouth is in the center of a buccal membrane at the base of the 

buccal podia. The mouth opens into a usually muscular phar- 

ynx, which is surrounded anteriorly by a calcareous ring of 

10 ossicles (Fig. 28-50). The calcareous ring provides support 

for the pharynx and the ring canal, an attachment site for the 

longitudinal muscles of the body wall and, when present, the 

retractor muscles of the buccal podia. In most species, the buc- 

cal podia and mouth can be retracted completely into the 

trunk when the animal is disturbed. Protrusion results from cir- 

cular-muscle contraction and the resulting elevation of the 

coelomic fluid pressure. 

The pharynx opens into a short, inconspicuous esophagus 

and then into a stomach (Fig. 28-50, 28-51). The stomach is 

absent in many holothuroids, but when present, it is muscular 

and lined with a thick cuticle. The remainder of the gut is the 

long endodermal intestine, which is thrown into a single ma- 

jor S-shaped bend before joining the anus. From the stom- 

ach, the anterior intestine extends posteriorly as the descend- 

ing anterior intestine, turns 180° anteriorly and continues as 

the ascending anterior intestine, which then turns 180° poste- 

riorly to become the posterior intestine, which joins the 

cloaca and anus. The cloaca (= sewer) is an expanded rec- 

tumlike chamber preceding the anus. It receives not only fe- 

ces from the posterior intestine, but also the ventilatory flow 

from the respiratory trees, described below. Cucumbers that 

lack respiratory trees also lack a cloaca and have a conven- 

tional rectum instead. The cloaca is suspended in the perivis- 

ceral coelom by radiating cloacal dilator muscles, which origi- 

nate on the body wall and insert on the outer wall of the 

cloaca (Fig. 28-50). The role of these muscles is described be- 

low under Gas Exchange, Internal Transport, and Excretion. 

The wall of the cloaca is perforated by minute, valved cloacal 

ducts that connect the cavity of the cloaca with the perivis- 

ceral coelom (Fig. 28-50). Their significance is discussed un- 

der WVS and Other Coeloms. Like the pharynx, esophagus, 

and stomach, the cloaca is derived from ectoderm and is 

lined with a cuticle. 
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FIGURE 28-50 Holothuroidea: 

internal anatomy of Sclerodactyla 

briareus (= Thyone briareus), a common 

sea cucumber that inhabits North 
Atlantic coastal waters. (Modified and 

redrawn after Coe from Hyman, L. H. 1955. 

The Invertebrates. Vol. TV. McGraw-Hill 

Book Co., New York.) 

Intestinal lamellae Contractile vessel 
Dorsal vessel 

Stomach 

Esophagus 

Ventral 
vessel 

Ascending 
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FIGURE 28-51 Holothuroidea: 

hemal system. The hemal system of 
Isostichopus badionotus. Arrows 

indicate direction of blood flow. 

(Modified from Herreid, C. F., La 

Russa, V. F, andDeFesi, C. R. 1976. 

Blood vascular system of the sea 

cucumber, Stichopus moebii. J. 

Morphol. 150:423-451.) 
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The pharynx and esophagus secrete mucus and function 

chiefly in transporting food to the stomach. If present, the 

gizzardlike stomach triturates the food; if absent, the pharynx 

may perform this function. Endocytosis and intracellular 

digestion occur in the intestine, and extracellular digestion is 

suspected but unconfirmed. Feces are formed in the cloaca or 

rectum. 

In general, sea cucumbers deposit or suspension feed using 

their extended buccal podia. Once the podia have gathered 

food, they are stuffed into the pharynx, one at a time, and the 

adhering food particles are wiped off as the podia are withdrawn 

from the mouth. Suspension feeders have branched (dendritic) 

buccal podia and are represented by many sedentary burrowers 

and crevice dwellers, including species of Sclerodactyla, Thyone, 

Eupentacta, and Cucumciria. Mobile deposit feeders are generally 

epibenthic animals. Most have soles and stout buccal podia 

with broad moplike ends (peltate podia), such as Stichopus, 

Holothuria, Actinopyga, and the deep-sea elasipods. Sedentary 

infaunal deposit feeders lack tube feet and are represented by 

two groups. One taxon (Apodida) has pinnately branched buc- 

cal podia. Species of Leptosynapta, for example, dig and occupy 

ventilated U-shaped burrows, ingesting sand as they slump into 

the head end of the burrow. The other taxon (Molpadiida), 

which includes Molpadia and Caudina, burrow in mud head 

down, with the anus at the surface. They shovel mud into their 

mouths with the buccal podia. Deposit-feeding sea cucum- 

bers significantly chum benthic sediments. The sand-dwelling 

Holothuria arenicola, for example, dredges 47 kg/m2/year. 

WVS and Other Coeloms 
Although the pentamerous WVS of holothuroids is similar to 

that of other echinoderms, in most species the madreporite is 

unique in having lost its connection with the body surface. 

Instead, it is suspended in the perivisceral coelom at the end 

of a short stone canal (Fig. 28-50). This location means that 

perivisceral coelomic fluid, rather than seawater, enters the 

WVS across the madreporite. In some species, several stone 

canals and madreporites are attached to the ring canal. 

If water loss from the WVS is replenished by perivisceral 

coelomic fluid that enters an internal madreporite, then peri- 

visceral coelomic fluid apparently is replaced by seawater that 

enters the anus and cloaca and then flows through the ciliated 

cloacal ducts into the perivisceral coelom. Under certain con- 

ditions, as when the body contracts strongly, coelomic fluid 

also is expelled from the cloacal ducts and anus, to be replen- 

ished later when the body relaxes and extends. 

The ring canal surrounds the pharynx immediately behind 

the calcareous ring and bears one or more polian vesicles 

(Fig. 28-50). The five radial canals give off canals to the buccal 

podia before turning posteriorly to supply the ampullae and 

tube feet. Each radial canal lies in the dermis below a longitu- 

dinal muscle band. Each buccal podium and tube foot typi- 

cally has its own ampulla (Fig. 28-50), although when the tube 

feet are reduced or absent, there is a corresponding reduction 

or loss of their ampullae. In the Apodida, which lack tube feet, 

the WVS is limited to the ring canal, polian vesicles, and buc- 

cal podia (tentacles). Molpadiids also lack tube feet, but have 

radial canals as well as other components of the WVS. Tiede- 

mann’s bodies are absent, but they are functionally replaced 

by specialized blind funnels attached to the wall of the perivis- 

ceral coelom in Leptosynapta and relatives. 

Gas Exchange, Internal Transport, and Excretion 
Buccal podia and tube feet function as gills, but the chief gas- 

exchange organs of holothuroids are a bilateral pair of inter- 

nal respiratory trees, or water lungs (Fig. 28-50). Each tree 

arises as a diverticulum from the wall of the cloaca and 

branches repeatedly to form a system of hollow, blind-ended 

tubes in the perivisceral coelom. Mammalian lungs are also 

highly branched diverticula of the gut, but they are situated at 

the gut’s anterior, rather than posterior, end. 

The respiratory trees are ventilated by muscular pumping 

of the cloaca and by contraction of the respiratory trees them- 

selves. Contraction of the cloacal dilator muscles dilates the 

cloaca, causing an inrush of water through the anus (Fig. 28- 

50). The anal sphincter then closes, the cloaca contracts, and 

water is forced into the respiratory trees. Contraction of the 

trees expels water from the system. Typically, several short 

cloacal inhalations are required to fill the trees and one pro- 

longed exhalation empties them. 

The respiratory trees are the principal gas-exchange sur- 

faces of large-bodied species with thick body walls. As long 

as the anus is exposed to oxygenated seawater, these animals 

can occupy habitats deficient in oxygen, such as burrows or 

crevices. The trees also allow cucumbers to achieve a large 

body size without resorting to extensive, vulnerable gills on 

the body surface. The slender tropical pearlfish (Carapus 

spp.), which is about 15 cm long, makes its home in the respi- 

ratory tree trunk of certain sea cucumbers, such as species of 

Holothuria, Actinopyga, and Isostichopus. The fish leaves the host 

at night to search for food and then returns to the security of 

the respiratory tree as the cucumber dilates its anus to inhale. 

Up to 15 pearlfish have been found in a single large cucum- 

ber. Negative effects on the host have not yet been detected. 

Pelagic and benthic deepwater Elasipodida and burrowing, 

thin-walled Apodida lack respiratory trees. They obtain oxygen 

through the general body surface. The tube feet of elasipods 

are especially important as sites of gas exchange. 

In holothuroids, both the coelomic cavities and hemal 

system are well developed and used for internal transport. The 

coelomic cavities include the spacious perivisceral coelom, 

the WVS, and the hyponeural coelomic canals associated with 

the hyponeural nerves. Coelomocytes abound in the coelomic 

cavities, especially in the perivisceral coelom and WVS. The 

hemal system is better developed than it is in any other group 

of echinoderms, but a heart is absent and the vessels themselves 

are contractile. Hemoglobin-containing (red) cells can occur in 

the WVS, perivisceral coelom, hemal system, and even the gut 

wall of some species, especially in large-bodied, sedentary bur- 

rowers or crevice dwellers. Species of Sclerodactyla, Cucumaria, 

Eupentacta, and the molpadiids, for example, have red cells in 

one or more internal compartments. Fluid flow is bidirectional 

in the coeloms and also to some extent in the hemal vessels. 

Holothuroids, especially the Aspidochirotida (Holothuiia, 

Cucumaria, Stichopus), have the best-developed hemal system of 

any echinoderm (Fig. 28-50). As in other echinoderms, the 

hyponeural hemal ring and radial hemal vessels parallel the 

ring canal and radial canals of the WVS. The conspicuous 
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parts of the hemal system, however, are a dorsal and*a ventral 

vessel that accompany the intestine. Branches from the dorsal 

vessel supply the intestinal wall with numerous smaller vessels. 

In the loop formed by descending and ascending sections of 

the small intestine, the dorsal vessel produces an extensive 

capillary bed, called the rete mirabile (REE-tee mir-ABA-lee; = 

wondrous blood network; Fig. 28-51). The rete is a portal sys- 

tem that links the dorsal vessel of the descending intestine 

with the dorsal vessel of the ascending intestine with capillar- 

ies in the tree. The left respiratory tree is tightly intermingled 

with the wondrous blood network. The function of the rete is 

unknown, but all portal systems are specialized for exchange 

and the anatomy of the rete suggests physiological exchange 

occurs between rete, gut, and respiratory tree. Perhaps oxygen 

is supplied to the gut wall vi^ the tree and rete, or perhaps 

metabolic wastes are released from the rete to the tree, or per- 

haps both. Adult sea cucumbers lack a heart, axial hemal ves- 

sel, and axial canal. Excretion occurs at the level of tissues and 

cells, but details of the processes are incomplete. Ammonia 

probably diffuses across the body wall and respiratory trees. 

Particulate waste, as well as nitrogenous material in crystalline 

fornij is carried by coelomocytes from various parts of the 

body to the gonadal tubules, the respiratory trees, and the 

intestine. Wastes then leave the body through these organs. 

Nervous System and Sense Organs 
The anatomy of the holothuroid nervous system is similar to 

that of ophiuroids and echinoids. The circumoral nerve ring, 

which lies in the buccal membrane near the base of the tenta- 

cles, supplies nerves to the tentacles and also to the pharynx. 

The five radial nerves each consist of an ectoneural nerve in 

an epineural radial canal and a hyponeural nerve in a 

hyponeural radial canal. 

The burrowing members of Apodida, which tend to keep 

the oral end directed downward, have one statocyst adjacent 

to each radial nerve near the point where the nerve leaves the 

calcareous ring. Some apodidans have an eyespot at the base 

of each tentacle. 

Cuvierian Tubules, Evisceration, and Regeneration 
As large, fleshy, and often exposed animals, sea cucumbers 

would seem to be ideal prey for foraging fishes and crustaceans. 

Although unarmored, some cucumbers defend themselves with 

chemical toxins, with the functional equivalent of flypaper 

(Cuvierian tubules), or perhaps by the forceful ejection of all 

or part of their viscera (evisceration). 

A few cucumbers, species of Holothuria and Actinopyga, eject 

sticky tubules called Cuvierian tubules (koo-VARE-ian) from 

the anus and aim them at a would-be predator. After discharge 

the tubules are regenerated. The undischarged tubules are 

attached to the base of one (frequently the left) or both respi- 

ratory trees or to the common trunk of the two trees (Fig. 

28-52). When a tubule-equipped cucumber is irritated or 

attacked by a predator, the anus is directed toward the 

intruder, the body wall contracts, and the detached tubules 

shoot out of the anus. Once ejected, the liberated tubules, 

which can extend to 20 times their original length, become as 

sticky as spider’s silk and quickly foul their target. Small crabs 

and lobsters are entangled and immobilized, dying slowly as 

the indifferent cucumber abandons them to their fate. The 

tubules are not only sticky, but also toxic because of a sub- 

stance called holothurin (a saponin) that also occurs in the 

FIGURE 28-52 Holothuroidea: Cuvierian tubules. A, The base of a respiratory tree of Holothuria 

impatiens, showing the Cuvierian tubules. B, A specimen of Holothuria releasing tubules. (A, After 

Russo from Hyman, L. H. 1955. The Invertebrates. Vol. TV. McGraw-Hill Book Co., New York; B, Drawn from a 

photograph by Isobel Bennett.) 



916 Chapter 28 Echinodermatap 

body wall of some species. Being aware of their toxicity, South 

Pacific islanders have long used the macerated bodies of 

certain sea cucumbers to catch tide-pool fish. 

Sometimes confused with the discharge of the Cuvierian 

tubules is a more common phenomenon called eviscera- 
tion that occurs as a stress response in many holothuroids. 

Depending on taxon, the anterior or posterior end ruptures 

and parts of the gut and associated organs are forcibly 

expelled. Eviscerated individuals in the process of regenera- 

tion have been reported from natural habitats during certain 

times of the year, and it is a normal seasonal phenomenon in 

some species, perhaps initiating a period of inactivity when 

food supply is low or serving to eliminate wastes stored in in- 

ternal tissues. Evisceration is later followed by regeneration of 

the lost parts. 

Reproduction 
Holothuroids differ from all other Recent echinoderms in 

having a single gonad, but that gonad typically branches into 

many tubules that, when ripe, may occupy much of the perivis- 

ceral coelom. Most cucumbers are gonochoric, and the gonad 

is attached anteriorly in a mesentery beneath the mid-dorsal 

interambulacrum (Fig. 28-50). The mid-dorsal gonopore 

opens between the bases of two buccal podia or just behind 

the introvert (Fig. 28-45). 

Most sea cucumbers spawn their gametes and fertilization 

occurs in seawater, but some 30 primarily cold-water species 

brood their young. During spawning, brooders catch the eggs 

with their buccal podia and transfer them to the sole or to the 

dorsal body surface for incubation. Even more remarkable is 

viviparity, which takes place in the Californian Thyone rubra, in 

Leptosynapta from the North Sea, in Synaptula hydriformis from 

Florida and the Caribbean, and in a few species from other 

parts of the world. The eggs pass from the gonads into the 

coelom and are fertilized in an unknown manner. Develop- 

ment takes place within the coelom and the young leave the 

body of the mother through ruptures in the body wall. 

Development and Metamorphosis 
Except in brooding and viviparous species, development of 

the planktonic embryo occurs externally in the seawater. 

Development through gastrulation is like that of asteroids. 

The anterior half of the archenteron separates as a coelomic 

cavity, leaving a shorter, posterior part to become the gut. The 

right protomesocoel (axohydrocoel) never forms. 

Later in development the embryo differentiates into 

a planktotrophic larva called an auricularia (Fig. 28-53A). The 

auricularia is similar to the asteroid bipinnaria. Both lack the 

arm ossicles of pluteus larvae and have convoluted ciliary 

bands. The preoral ciliary band of the auricularia, however, 

is continuous with bands elsewhere on the body, whereas 

the ventral preoral loop of the bipinnaria is usually separate. 

The coelomic cavities of the auricularia are well developed on 

the left side only, whereas those of asteroid larvae are nearly 

bilaterally symmetric. The auricularia larva is eventually suc- 

ceeded by a barrel-shaped stage called a doliolaria, in which 

the original ciliated band breaks up into three to five ciliated 

hoops that encircle the body (Fig. 28-53B). Metamorphosis 

begins in the doliolaria stage. Indirect development with 

a planktotrophic auricularia stage probably is primitive in 

holothuroids, but most species have large, yolky eggs that 

develop directly into lecithotrophic doliolaria-like larvae. 

Holothuroid larvae do not form a juvenile rudiment and 

larval metamorphosis gradually transforms the doliolaria into 

a juvenile sea cucumber. During the transformation, the larval 

body axis is retained and five buccal podia differentiate 

quickly, before the tube feet. At this stage, the juvenile cucum- 

ber is called a pentactula. Eventually, the pentactula settles to 

the bottom and assumes the adult mode of existence. The life 

span of many sea cucumbers is between 5 and 10 years. 
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FIGURE 28-53 Holothuroidea: larvae. A, An auricularia larva (ventral view). B, The doliolaria larva of 
Leptosynapta inhaerens, a common North Atlantic holothuroid (ventral view). (A, AfterMortensenfrom 

Hyman, L. H. 1955. I he Invertebrates. Vol. IV. McGraw-Hill Book Co., New York; B, After Runnstrom from Cuenot, 

L. 1948. Echinodermes. In Grasse, P. (Ed.): Traite de Zoologie, Vol. XI. Masson et Cie, Paris. Reprinted by permission.) 
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Diversity of Holothuroidea 
Dactylochirotida0: Have a U-shaped body enclosed in flexible 

test and simple, unbranched buccal podia. Echinocucumis, 

Sphaerothuria. 

Dendrochirotida0: Have a cucumber, banana, or U-shaped 

body; branched (dendritic) buccal podia lack ampullae; usu- 

ally have a retractile introvert. Cucumaria, Psolus, Sclerodactyla, 

Thyone, Thyonella. 

Aspidochirotida0: Have bilateral symmetry, a creeping sole, 

and peltate (shield-shaped) buccal podia; deposit-feeders. 

Actinopyga, Holothuria, Isostichopus, Stichopus. 

Elasipodida0: Deepwater or pelagic with gelatinous bodies 

adapted for swimming. Have peltate buccal podia; lack respi- 

ratory trees; ossicles are reduced or absent. Enypniastes, 

Pelagothuria, Peniagone, Scotoplanes. 

Apodida0: Wormlike, small-bodied (except Euapta) animals 

with a thin body wall; buccal podia are pinnate or fingerlike; 

lack respiratory trees, radial canals, tube feet; anchor and 

anchor-plate ossicles function like Velcro hooks. Euapta, 

Labidoplax, Leptosynapta, Synapta, Synaptula. 

Molpadiida0: Includes head-down mud burrowers with digi- 

tate buccal podia, respiratory trees, and radial canals, but 

tube feet are absent. Molpadia, Caudina. 

CRINOIDEAc  
The 700 species of crinoids are represented by 100 species of 

sea lilies and 600 species of colorful feather stars. There are 

many more extinct species known only from fossils. All are 

radially symmetric, sessile or semisessile suspension feeders 

that, unlike other echinoderms, live with the mouth oriented 

upward. Crinoids collect food with the tube feet on their 

long, often branched arms. The arms constitute most of the 

crinoid body, with the disc being small and often inconspicu- 

ous. A long stalk attaches sea lilies to the substratum, but the 

stalk tissues are primarily skeletal and may, like those of the 

disc, demand only a modest amount of metabolic energy. 

The sedentary habits or slow pace of crinoids, their heavily 

ossified, jointed appendages, and their floral appearance 

confer on them a primordial elegance that, by good fortune 

(theirs and ours), has been retained in the present, espe- 

cially by the deepwater sea lilies. Feather stars occur in shal- 

low water and are common and spectacular members of 

coral-reef communities. 

Of the living taxa of echinoderms, crinoids have the 

longest fossil record, extending back to the early Cambrian, 

some 570 mya. This is not to say that living crinoids embody 

primitive traits only, although pentamerous symmetry and 

a sessile suspension-feeding habit are good candidates for 

plesiomorphic echinoderm characters. 

FORM 
The crinoid body consists of an attachment stalk that supports a 

pentamerous crown (Fig. 28-54A), which includes the disc and 

arms. The well-developed stalk of sea lilies is lost during the post- 

larval development of the free-moving feather stars (Fig. 28- 

54B). The conspicuously jointed stalk contains a column of well- 

developed skeletal ossicles. The sea lily stalk may reach almost 

1 m in length, but it is usually much shorter. (Some fossil species 

have 20 m stalks.) The stalk attaches via a flattened attachment 

plate or by jointed rootlike projections called cirri that are 

arranged in whorls (Fig. 28-55A). Although the stalk is lost in 

feather stars (comatulids), the most proximal cirri remain to 

form one or more circles around the base of the crown (Fig. 28- 

54B). Comatulid cirri resemble a bird’s foot and are used for 

grasping tightly to a perch (Fig. 28-54B, 28-55D). They are long 

and slender in crinoids that rest on soft bottoms and stout and 

curved in species that cling to rocks, seaweed, and other objects. 

The pentamerous crown is equivalent to the body of other 

echinoderms and, like that of asteroids and ophiuroids, it is 

drawn out into arms. The stalk attaches to the aboral surface of 

the crown and thus the oral surface is directed upward, in con- 

trast to other living echinoderms. The crinoid disc is composed 

of two parts, the aboral calyx, which is a heavily calcified cup 

that houses the viscera, and the membranous oral wall of the 

disc called the tegmen, which is weakly calcified and covers the 

calyx cup like a drumhead (Fig. 28-54, 28-55B). The mouth is at 

or near the center or near the margin of the tegmen, according 

to species. Five ambulacral grooves radiate from the mouth, 

across the tegmen, and onto the arms. Tike the mouth, the 

anus opens on the oral surface, but in an interambulacrum. 

Often, the anus is at the summit of a prominence called the 

anal cone, which elevates it above the feeding current and helps 

to prevent the fouling of food with feces (Fig. 28-55B). 

The arms radiate from the perimeter of the crown and have 

a jointed appearance similar to that of the stalk. Although 

some primitive species have only 5 arms (Fig. 28-54A), the arm 

bases of most crinoids bifurcate to form a total of 10 arms (Fig. 

28-55D). Subsequent branching may produce additional arms, 

such as some species of comatulids that have 80 to 200 arms. 

The arms are usually less than 10 cm in length but may reach 

almost 35 cm in certain species. 

Each arm bears a bilateral series of pinnately arranged, 

jointed appendages called pinnules (Fig. 28-54, 28-55C). An 

arm and its pinnules resemble a feather and are responsible 

for the name feather star, although both feather stars and sea 

lilies have featherlike arms (as do pterobranch hemichor- 

dates). The five ambulacral grooves on the tegmen bifurcate 

and extend onto the oral surface of the arms and pinnules. 

The groove margins bear movable flaps (lappets) that can 

expose or cover the groove (Fig. 28-55C). On the inner side of 

each lappet are three tube feet united at their bases into a 

triplet (Fig. 28-56B). 

BODY WALL 
The crinoid body is enclosed by a cuticle and epidermis, the 

latter of which is nonciliated except in the ambulacral 

grooves. Below the epidermis is a connective-tissue layer that 

does not form a distinct dermis; rather, it is continuous with 

the deeper connective tissues of the body. Skeletal ossicles 

occur throughout the connective tissue. The stalk, cirri, arms, 

and pinnules are nearly solid, with their interiors being occu- 

pied almost entirely by a series of thick, vertebra-like ossicles, 

which accounts for the jointed appearance of these 

appendages (Fig. 28-54). The articulating surfaces of the 

arm ossicles (brachials) permit limited movement, similar to 

the ossicles of ophiuroid arms. The ossicles of the stalk 
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FIGURE 28-54 Crinoidea: external form. A, Ptilocrinus pinnatus, a stalked crinoid (sea lily) with five 
arms. B, A Philippine 30-armed comatulid (feather star), Neometra acanthaster. Not all of the arms are 
shown. (Both after Clark from Hyman, L. H. 1955. The Invertebrates. Vol. IV. McGraw-Hill Book Co., Neiu York.) 

(columnals) are more securely interlocked than are those of 

the arms, but even here some bending is possible. The ossicles 

of the stalk, cirri, and arms are bound together by collagen 

fibers called ligaments that penetrate into the porous skeletal 

material. As in other echinoderms, these ligaments can rapidly 

change from a soft to a rigid state, permitting the animal to 

roll up the arms using the flexor muscles or lock them in an 

extended feeding position. 

The interior of the crinoid disc houses the gut as well as 

coelomic and hemal channels. Between these compartments 

are calcified mesenteries, a unique attribute of Crinoidea. 

MUSCULATURE AND LOCOMOTION 
Distinct muscles are confined to the arms and pinnules, 

although epitheliomuscular cells line parts of the various 

coelomic spaces and individual muscle fibers extend into the 

connective tissue of the body. Obliquely striated flexor 

muscles that extend between the oral edges of the arm and 

pinnule ossicles (brachials; Fig. 28-59B) flex (curl) the arms 

and pinnules. Extension of these appendages apparently 

results from elastic recoil of interbrachial ligaments. 

The sea lilies are mostly limited to bending movements of 

the stalk and flexion and extension of the arms and pinnules, 

but a few can crawl slowly over the seabed. The stalkless 

comatulids, however, move freely and are capable of both 

swimming and crawling. The oral surface is always directed 

upward during locomotion unless the animal is accidentally 

overturned. The righting reflex apparently is controlled by the 

thigmotactic cirri. 

Feather stars swim by alternately raising and lowering their 

arms. In 10-armed species, every other arm sweeps downward 

while the remaining arms move upward. In species with more 

than 10 arms, the arms still move in sets of 5, but sequentially. To 

crawl, the animal lifts its body from the substratum and moves 

around on its downward-flexed arms. The animal often uses the 

arms and pinnules, which have minute terminal hooks, to grasp 

and pull itself over irregular and vertical surfaces. 
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FIGURE 28-55 Crinoidea: external form. A, Part of the stalk of the West Indian crinoid Cenocrinus 

asteria, showing whorls of cirri. B, The tegmen of Hyocrinus, a stalked crinoid (oral view). C, Part of an 

arm of Notocrinus virile, a comatulid feather star (oral view). Tube feet are not shown. Df Photo of a 

living Comaetinia echinoptera, a feather star with 10 arms. (A and B, After Carpenter from Hyman, L. H. 

1955. The Invertebrates. Vol. TV. McGraw-Hill Book Co., Neiu York. Reprinted with permission; C, Modified from 

Hyman, 1955. The Invertebrates. Vol. TV. McGraw-Hill Book Co., New York. Reprinted with permission.) 

Feather stars swim and crawl for short distances only, and 

swimming is largely an escape response. Normally, they cling 

to the bottom for long periods by means of the grasping cirri. 

Many shallow-water species are nocturnal. Three coral-reef 

species of Lamprometra, Capillaster, and Comissia in the Red Sea 

hide during the day in coralline crevices, keeping their arms 

tightly rolled (Fig. 28-57A). Stimulated by the lower light 

intensities at sunset, they crawl upward out of their hiding 

places to exposed positions, where the arms are extended to 

feed. Species inhabiting deeper water may be stationary. Many 

specimens of two species of Decani.etra and Oligometra were 

reported to be clinging in the same position to a gorgonian 

coral at about 30 m for several months. They roll their arms in 

response to daytime illumination. 

DIGESTIVE SYSTEM AND NUTRITION 
Crinoids are passive suspension feeders that rely on ambient 

currents to deliver plankton and detritus. During feeding the 

arms and pinnules are held outstretched and the tube feet are 

erect. The suckerless tube feet resemble tiny tentacles and 

bear mucus-secreting papillae along their length (Fig. 28-56). 
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A 

FIGURE 28-56 Crinoidea: functional morphology of tube 
feet in suspension feeding. A, The extended position of the 
primary tube feet along the pinnules (papillae not visible) of 
the feather star Florometra serratissima. B, View of the 
ambulacral groove along part of a pinnule of Antedon bifida 
One tube foot is wiping against the ciliary tract of the 
ambulacral groove and against a tertiary tube foot. (B, From 
Lahaye, M. C., and Jangoux, M. 1985. Functional morphology of 
the podia and ambulacral grooves of the comatulid crinoid Antedon 
bifida. Mar. Biol. 86:307-318.) 
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Just as they do elsewhere along the ambulacral grooves, the 

tube feet on the pinnules occur in a series of triplets. The 

primary tube foot of each triplet is long, conspicuous, and out- 

stretched, and the combined primary tube feet of a pinnule 

form a food-catching mesh (Fig. 28-56A). Food particles that 

adhere to a tube foot are flicked into the mucus-lined ambu- 

lacral groove (Fig. 28-56B). Depending on the species, the 

particle may be transferred directly to the groove, wiped 

free against the tertiary tube foot, or scraped loose between 

adjacent lappets (Fig. 28-56B). Cilia transport particles down 

the groove to the mouth. The lappets function largely as 

sidewalls for the deep ambulacral groove. The total length of 

the food-trapping ambulacral surface may be enormous. 

The Japanese stalked crinoid, Metacrinus rotundus, which has 

56 arms (plus pinnules), each one 24 cm in length, has a total 

ambulacral groove length of 80 m. 

Feeding crinoids hold their arms in a plane or parabola and 

orient it perpendicular to the water current (Fig. 28-57C). In 

these positions, the adjacent pinnules and tube feet form a rela- 

tively tight mesh for trapping suspended food. Shallow-water 

comatulids may also remain in protective crevices and extend 

the arms outward in several directions (Fig. 28-57B). 

The digestive system is confined to the disc. The mouth 

leads into the short esophagus, which then opens into the 

intestine (Fig. 28-58). The intestine descends and makes a 

complete turn around the inner side of the calyx wall. The ter- 

minal part then passes upward (orally) into the short rectum, 

which opens through the anus at the tip of the anal cone. 

Tittle is known about digestive physiology, although there 

are claims of both extracellular and intracellular digestion in 

the intestine. Wastes are egested as large, compact, mucus- 

cemented pellets that fall from the anal cone onto the surface 

of the disc and then drop off the body. 

WVS AND INTERNAL TRANSPORT 
The crinoid WVS is similar to that of a generalized echino- 

derm with two significant differences. One is that crinoids lack 

a madreporite. Instead, the oral surface bears numerous 

(often hundreds) of separate tegmenal pores that lead, via 

short integumental canals, directly into the perivisceral 

coelom (Fig. 28-59A). Second, the ring canal gives rise to 

numerous stone canals, several in each interradius, which also 

open into the perivisceral coelom. Presumably, seawater enters 

the tegmenal pores and perivisceral coelom and then is 

pumped into the WVS by the stone canals. This arrangement 

is reminiscent of the cloacal ducts, perivisceral coelom, and 

internal stone canals of Holothuroidea. From the ring canal, 

a radial canal bifurcates to enter each of the 10 arms and 

sends a lateral canal into each pinnule (Fig. 28-59). A small 

branch from the lateral canal supplies each trio of tube feet. 

Ampullae are absent and hydraulic pressure is generated to 

extend the tube feet by contracting the radial canal, which has 

muscle fibers spanning it. 

The perivisceral coelom occupies the disc and extends into 

the arms and pinnules (Fig. 28-59). It is complexly subdivided 
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FIGURE 28-57 Crinoidea: arm positions in living crinoids. A, Diurnal, nonfeeding, rolled arm 

position of the feather star Heterometra. B, The Red Sea feather star, Commissia, which inhabits 

crevices in coral reefs, feeding with its arms extended. C, Feeding crinoids in the Strait of Florida at 600 

to 700 m. A feather star atop a sponge is holding its arms in the form of a vertical fan. Three inclined 

sea lilies (Diplocrinus) form parabolic fans with the arm tips directed toward the current. 

by mesenteries into a network of communicating spaces, most 

of them called by a special name based on anatomical position 

or association with a specific organ. 

Within the disc, the perivisceral coelom surrounds the 

gut and a unique structure, the axial organ (Fig. 28-59A). 

The axial organ is a large blood vessel that houses a bundle 

of blind-ended epithelial tubes of unknown function. In 

stalked species, the axial organ passes through the center of 

the stalk and is surrounded by five equal-sized compart- 

ments of the perivisceral coelom. Together these are called 

the chambered organ. Associated with the axial organ is 

a podocyte-covered ultrafiltration site, the spongy body, 

which may be homologous to the eleutherozoan axial hemal 

vessel (axial gland). 

Branches of the perivisceral coelom enter the arms and 

pinnules. Each arm houses a bilateral pair of oral coelomic 

cavities and an unpaired aboral cavity (Fig. 29-59B). Where 

a pinnule joins the arm, it receives a branch from one oral 

cavity and also from the aboral cavity. The two cavities are 

united by canals along the length of the pinnule. Ciliary flow 
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FIGURE 28-58 Crinoidea: digestive tract of the feather star Antedon 

bifida, in oral view. (After Chadwick from Hyman, L. H. 1955. The 

Invertebrates. Vol. IV. McGraw-Hill Book Co., New York.) 

is outbound from the disc in the aboral cavity and inbound in 

the oral cavities. Flow rates of 1 mm/s have been measured. 

Thus the perivisceral coelom is the principal circulatory 

system in the disc, arms, and pinnules of crinoids. 

The hyponeural coelom is represented by the hyponeural 

ring and radial canals, both closely associated with the ring 

and radial canals of the WVS, but they are not well developed 

and their function is unknown. A genital coelom, which is 

incompletely separated from the oral and aboral branches of 

the perivisceral coelom, accompanies the gonad in each of the 

arms (see Reproduction, below; Fig. 28-59B). 

The center of the hemal system is the oral hemal ring, 

which gives rise to the axial organ, a network of hemal vessels 

in the coelomic mesenteries, and one or two radial hemal 

vessels for each arm. A heart is absent, although the axial 

organ is said to pulsate, and the blood is colorless. 

GAS EXCHANGE AND EXCRETION 
The tube feet are the principal sites of gas exchange, and the 

great surface area presented by the branching arms makes 

unnecessary any other special respiratory surfaces, such as those 

found in most other echinoderms. No specialized excretory 

organs of crinoids are known. They probably are ammonotelic. 

NERVOUS SYSTEM 
The complex crinoid nervous system is composed of three 

interconnected divisions. The oral ectoneural system, which is 

sensory, is homologous to the system of the same name found 

in other echinoderms. It consists of an intraepidermal nerve 

ring around the mouth, and five radial nerves, one for each arm 

(Fig. 28-59A). The ectoneural system innervates sensory cells 

of the epidermis and tube feet. The remaining two divisions of 

the nervous system, the hyponeural and entoneural systems, 

are motor in function and both may be homologous to the 

hyponeural system of other echinoderms. Neither, however, is 

located in the hyponeural coelomic lining, but rather in the 

connective tissue of the body. The center of the hyponeural sys- 

tem is an oral ririg that produces radial nerves to the arms and 

pinnules (Fig. 28-59B). These nerves supply the musculature of 

the tube feet and other structures. The chief motor system is an 

entoneural system, the center of which is a large, cup-shaped 

mass in the apex of the calyx (Fig. 28-59A). From this mass, five 

brachial nerves extend to the flexor muscles of the arms and 

pinnules (Fig. 28-59A,B). 

REPRODUCTION 
Crinoids regenerate well and, in this respect, are similar to the 

asteroids and ophiuroids. Part or all of an arm can be cast off 

if it is seized or subjected to unfavorable environmental condi- 

tions. The lost arm is then regenerated. The visceral mass 

within the calyx can be regenerated in several weeks; such 

regeneration may be important in surviving fish predation. 

Clonal reproduction is absent in crinoids. 

Crinoids are gonochoric, with gonads in their pinnules 

(common) or arms (uncommon) (Fig. 28-55C, 28-59B). Not 

all pinnules are reproductive, only those along the proximal 

half of the arm. Each gonad consists of a genital tubule 

(rachis) enclosed in a hemal (blood) sinus, which in turn is 

surrounded by the genital coelom. When the eggs or sperm 

are mature, spawning takes place by rupturing the pinnule 

walls, and the eggs and sperm are shed into the seawater. In 

Antedon and others, the eggs are cemented to the outer 

surface of the pinnules by the secretion of epidermal gland 

cells. Hatching takes place at the larval stage. Cold-water 

crinoids (many Antarctic forms) brood, as other echinoderms 

do. The brood chambers are saclike invaginations of the arm 

or the pinnule walls adjacent to the genital canals, and the 

eggs probably enter the brood chamber by rupturing the wall 

(Fig. 28-55C). 

DEVELOPMENT 
Development through the early gastrula stage is similar to that 

in asteroids and holothuroids. During the formation of the 

coelomic sacs the embryo elongates and then proceeds to 

a free-swimming larval stage. The crinoid larva, a nonfeeding 

doliolaria that resembles the doliolaria of holothuroids, is 

barrel-shaped and has an anterior apical tuft and four or five 

hooplike ciliated bands (Fig. 28-60A). 

After a free-swimming existence the doliolaria settles to 

the bottom and attaches by employing a glandular midven- 

tral depression (the adhesive pit) located near the apical 

tuft. There ensues an extended metamorphosis resulting in 

the formation of a minute, stalked, sessile crinoid. In the 

comatulids, metamorphosis also results in a stalked sessile 

stage (the pentacrinoid) that resembles a minute sea lily 

(Fig. 28-60B). The pentacrinoid of Antedon is a little over 

3 mm long when the arms appear, and it requires about six 

weeks from the time of attachment as a doliolaria to attain 

this stage. After up to several months as a pentacrinoid, dur- 

ing which time the cirri are formed, the crown breaks free 

of the stalk and the young animal assumes the adult, free- 

living existence. 
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FIGURE 28-59 Crinoidea (feather star): diagrammatic internal anatomy. A, Vertical section of the 

disc, showing the base of one arm (right) and one cirrus (left). B, Cross section of an arm and 

longitudinal section of one pinnule (shortened). (Based on Lang, A. 1894. Lehrbuch der Vergleichenden. 

Anatomie der Wirbellosen Thiere. Gustav Fischer Verlag, Jena. 1197 pp.) 
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FIGURE 28-60 Crinoidea: larva and juveniles. A, Scanning electron micrograph of the doliolaria 

larva of the feather star Florometra serratissima. Four ciliated bands encircle the body and an apical 

tuft of sensory cilia projects to the right. B, A cluster of per.tacrinoids attached to a cirrus of an adult 

Comactinia echinoptera. 

DIVERSITY OF CRINOIDEA 
Isocrinida0: Deepwater, stalked crinoids with evenly spaced 

whorls of five cirri each along the stalk; large crown has 

some 50 arms; can crawl over the bottom using cirri and 

crown arms. Diplocrinus, Metacrinus. 

Millericrinida0: Deepwater animals with a stalk lacking cirri; 

have a long, conical crown with five arms. Hyocrinus. 

Cyrtocrinida0: Deepwater, small-bodied crinoids with a 

short, irregular stalk that lacks cirri; have 10 arms. Three 

species of Holopus. 

Bourgueticrinida0: Have a slender stalk that ends in an 

attachment base and lacks cirri. Conocrinus. 

Comatulida0: Ranges from shallow water to great depths. 

Stalk is present only in pentacrinoid stage, absent in adult, 

which has grasping cirri and can swim with the arms. Six 

hundred species of Antedon, Comactinia, and Florometra, 

among others. 

PALEONTOLOGY AND PHYLOGENY 
OF ECHINODERMATA  

At the outset of this chapter, the bilateral symmetry of 

nonechinoderm deuterostomes and echinoderm larvae was 

contrasted with the pentamerous symmetry of adult echino- 

derms. The explanation offered for the evolution of radial 

symmetry by echinoderm adults was their historical adoption 

of a sessile suspension-feeding habit. Presumably, once that 

symmetry change was made and the body was reorganized 

around a radial design, a shift back to bilateral symmetry was 

nearly impossible despite the return to a motile lifestyle by 

most living echinoderms. So far, we have presented little 

actual evidence in support of this scenario, but we can now 

examine the fossil record of echinoderms, remaining mindful 

of two questions: Is there fossil evidence for pre-pentamerous 

(bilateral), motile echinoderms that might establish a link 

between Echinodermata and the bilateral deuterostomes? Was 

there a time in the remote past when most echinoderm taxa 

were sessile and pentamerous? The fossil record answers “yes” 

to both questions. 

Echinoderms rank with molluscs, brachiopods, and arthro- 

pods in having one of the richest and oldest fossil records of 

any group of animals. Echinoderms first appeared in the early 

Cambrian period, some 545 mya, and were abundant during 

the later periods of the Paleozoic era, when several extinct 

taxa reached their zenith. The echinoderms of Paleozoic seas 

included not only the 5 Recent taxa, but 15 other taxa of 

equal rank (classes). Of these 20 taxa, 15 were either suspen- 

sion feeders or both suspension and deposit feeders, and of 

these, 11 were pentamerous. Thus suspension feeding and 

pentamerous symmetry predominated in echinoderms of the 

phytoplankton-rich Paleozoic ocean. 

The earliest echinoderm fossils, from the early to middle 

Cambrian, were all suspension feeders, or are presumed to 

have been so because they are chiefly sessile, attached forms 

with upwardly directed ambulacra and tube feet. These early 

fossils belong to Crinoidea (the only ancient taxon with living 

members), Eocrinoidea, Helicoplacoidea, Edrioasteroidea, 

and four additional taxa included in Homalozoa. 

Homalozoans are unique in lacking any trace of pentamer- 

ous symmetry, an attribute that sets them apart from all other 

adult echinoderms. Various species of homalozoans were either 

bilaterally symmetric or asymmetric and presumably motile, 

crawling on or even swimming over the seabed. Also unlike 

other echinoderms, homalozoans may have lacked ambulacra 

and fed instead by direct uptake through the mouth. If this is 

correct, then the only echinoderm attribute of homalozoans 

was their stereom ossicles. An intriguing trait of one homa- 

lozoan taxon (Cornuta), which includes Cothumocystis (Fig. 

28-61), was a row of pores, perhaps gill slits, to one side of the 
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FIGURE 28-61 An echinoderm phylogeny with emphasis on extinct 
taxa. The homalozoan, Cothurnocystis elizae (1 to 2 cm), was a middle 
Cambrian species, which together with its relatives (all members of 
Cornuta) was asymmetrical and had a series of openings in the body 
wall that may have been gill slits. The skeleton is composed of calcitic, 
stereom ossicles. The single arm, only part of which is shown here, may 
have been a locomotory tail. Cornutes are thought to have lived on 
soft bottoms over which they moved by wriggling or flexing the arm- 
tail. If Cothurnocystis actually had gill slits, then cornutes may have 
been pre-pentamerous echinoderms with a chordatelike pharynx. This 
would indicate that a pharynx with gill slits is a common feature 
(synapornorphy) of hemichordates, echinoderms, and chordates—all 
deuterostomes. The interpretation of these openings as gill slits in 
Cothurnocystis, however, is controversial, as are the functional 
interpretations of other anatomical features. The lower Cambrian 
Helicoplacoidea were spindle-shaped burrowers with a skeleton 
composed of small, platelike ossicles that spiraled around the body and 

allowed for its expansion and contraction. This flexibility perhaps 
permitted the animal to retract its body, which may have been situated 
vertically in the sand. The mouth was located at one end and a single 
branched ambulacrum was present. The test of early Cambrian to 
middle Pennsylvanian edrioasteroids (including Camptostroma) was 
coin-sized, globular, discoid, or clublike with pentamerous symmetry. 
The mouth was on the upper surface at the center of five curved or 
straight ambulacra; the anus was off-center on the same surface. 
Edrioasteroids attached to hard surfaces and probably were suspension 
feeders. The earliest-known crinoid, Echmatocrinus from the Middle 
Cambrian Burgess Shale, is significant for two, apparently primitive, 
crinoid traits: The arms are unbranched and the stalk, a tapering 
extension of the calyx, is composed of numerous plates instead of a 
series of disclike columnals. Presumably, arm branching and a stalk 
built on a series of columnals evolved later, in the late Cambrian. 
(Modified from Ax, P. 2001. Das System der Metazoa.. III. Spektrum 

Akademischer Verlag, Berlin. 283 pp.) 

midline on the upper surface of the body. If these were indeed 

gill slits, then cornutes may be stem echinoderms that retained 

an ancestral deuterostome trait (gill slits) and evolved a new 

one (stereom skeleton). The asymmetry of some homalozoans 

can also be viewed as intermediate between an ancestral bilat- 

eral symmetry and the derived pentamerous symmetry of most 

echinoderms. This viewpoint, although by no means the only 

one, is incorporated into Figure 28-61. 

Living echinoderms can be separated into two major taxa, 

the attached, oral-end-up Crinoidea and the motile, oral-end- 

down Eleutherozoa (Fig. 28-62). Of the two sister taxa of 

Eleutherozoa, Asteroidea retains the plesiomorphic ectoneural 

nerve ring and radial nerve in the epidermis of the mouth frame 

and roof of each ambulacrum. All other eleutherozoans— 

ophiuroids, echinoids, holothuroids—have internalized these 

nerves in a closed epineural canal, a synapornorphy that unites 
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FIGURE 28-62 Echinodermata: phylogeny of living taxa. 1, 
Echinodermata: Have pentamerous symmetry, calcareous stereom ossi- 
cles, mutable connective tissue, water-vascular system, functionally 
transformed heart-kidney, dipleurula. 2, Crinoidea: Body is divided into 
crown and stem; arms have pinnules, ring canal bears many stone canals, 
heart-kidney is absent. 3, Eieutherozoa: Motile lifestyle, oral surface is on 
the substratum; has locomotory tube feet, a madreporite, polian vesicles 
on the ring canal, may have Tiedemann's bodies on the ring canal, has 
movable spines. 4, Asteroidea: Has an eyespot at each arm tip, a paired 
pyloric cecum in each arm, gastric hemal tufts, gonads in arms; larva is a 
bipinnaria. 5, Cryptosyringida: Radial nerves are internalized in the 
epineural canal. 6, Ophiuroidea: Arms are sharply set off from the disc; 
has an oral madreporite, vertebral ossicles in arms, arm-plate ossicles; 
larva is an ophiopluteus. 7, Echinozoa: The oral surface and ambulacra 

have expanded aborally to cover most of the body, except for a small 
aboral anus and periproct; ossicles form a ring around the pharynx, has 
ossicles in tube feet, suckered tube feet, hemal system is weli developed 
and has rete mirabile. 8, Echinoidea: Has a test of fused ossicles in five 
paired ambulacral and five paired interambulacral rows, two skeletal 
pores (a pore pair) for each tube foot, periproct has 10 ossicles (apical 
system: five ocuiar plates at the ends of the ambulacra! areas, five genital 
plates at the ends of the interambulacral areas), Aristotle's lantern; polian 
vesicles are lost; larva is an echinopluteus. 9, Holothuroidea: Has minute 
ossicles in a thick dermis, body-wall musculature is in five longitudinal 
bands, pharyngeal skeleton has five radial and five interradial ossicles, has 
microphagous buccal podia, longitudinal muscle bands attach to the 
pharyngeal skeleton and retract the buccal podia, has respiratory trees, 
heart-kidney absent. (Based chiefly on Ax, 2001.) 

these three taxa in the monophyletic Cryptosyringida. Within 

Cryptosyringida, the echinoids and holothuroids share a calci- 

fied ring around the pharynx, an expansion of the oral field and 

amubulacra aborally, a general elongation of the body along the 

oral-aboral axis, and ossicles in their tube feet. These synapo- 

morphies justify the establishment of the taxon Echinozoa for 

the echinoids and holothuroids. 

PHYLOGENETIC HIERARCHY OF EXTANT 
ECHINODERMATA 

Echinodermata 
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rs hordata, with more than 50,000 species in all of Earth’s 

environments, is the largest and most successful taxon of 

deuterostomes. Most of this diversity and adaptive radiation 

resides with Vertebrata (fishes, amphibians, reptiles, birds, 

mammals), a major chordate taxon beyond the scope of this 

book. The subjects of this chapter are the two other chordate 

taxa, Cephalochordata (lancelets) and Tunicata (= Urochor- 

data; sea squirts and relatives), both of which are invertebrates 

and entirely marine. These two taxa of invertebrate chordates 

account for approximately 2180 species. Although the verte- 

brates are omitted as a practical necessity, this chapter will 

highlight the chordate ground plan and its evolution in the 

invertebrate chordates. 

GROUND PLAN OF CHORDATA 
The ancestral chordate was a tadpolelike or fishlike animal 

that swam with lateral undulations of its muscular trunk and 

tail and filter fed with its pharynx. Of the several attributes 

associated with this functional design, the four most promi- 

nent are a notochord, a dorsal hollow nerve cord, gill slits 

(pharyngeal clefts), and a continuation of the body beyond 

the anus called the postanal tail (Fig. 29-1). The notochord 

is a flexible, but incompressible longitudinal axial rod 

that causes the body to bend rather than shorten during 

contraction of the longitudinal musculature. AJternating 

right- and left-side contractions of a cross-striated, longitudi- 

nal musculature produce the fishlike swimming movements 
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FIGURE 29-1 Chordata: generalized chordate anatomy. A, Lateral view; direction of blood flow indicated by 

arrows. B, Transverse section at the level of the pharynx. Left side shows a gill slit, right side shows a gill bar. 

Reproductive system is omitted. 
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FIGURE 29-2 Chordata: neurulation. A-D, Neural plate cells submerge below the surface of the dorsal 

midline, roll into a tube, and are covered over by the neural folds. The original ciliated surface epidermis in A 

of the protochordate ancestor persists as the ciliated lining (ependymal cells) of the neural tube, whereas the 

intraepidermal nerves persist as the nervous layer of the nerve cord (enlargement, D). In the vertebrates, the 

neuropore (D) is a transient structure present only during development, but among the invertebrate chordates 

it persists throughout the life of the animal. 

of the body. These movements are aided by the additional 

length and musculature provided by the postanal tail and by 

rudderlike outgrowths of the body wall called median fins. 

Immediately above and in contact with the notochord is the 

dorsal hollow nerve cord, which extends from the anterior 

brain into the tail. 

The nerve cord is hollow because it develops as a longitudi- 

nal mid-dorsal epidermal furrow that rolls up into a tube as its 

sinks below the surface of the embryonic skin (Fig. 29-2). The 

furrow remains open at the anterior end of the neural tube to 

form a neuropore, which links the neural canal with the exter- 

nal environment (Fig. 29-1 A, 29-2). The neuropore persists 

throughout the life of invertebrate chordates, but closes dur- 

ing development in the vertebrates. 

A filter-feeding pharynx with gill slits, perhaps inherited 

from the deuterostome ancestor, is the key chordate organ 

for feeding and gas exchange. The ancestral chordate phar- 

ynx pumped water using gill-slit cilia and trapped the 

suspended food particles in a mucous net cast on the pha- 

ryngeal lining. This net is produced by the endostyle (Fig. 

29-1B), a secretory furrow in the ventral midline of the 

pharynx. 

In addition to these hallmarks, the chordates also inherited 

deuterostome traits as part of their ground plan. Among these 

are paired coeloms lined by a monolayered mesothelium that 

forms the body musculature, a metanephridial system, radial 

cleavage (probably a eumetazoan apomorphy), and coelom 

morphogenesis by enterocoely. The chordates also inherited 

a hemal system, but the direction of blood flow in the circuit is 

opposite that of hemichordates and protostomes. In chor- 

dates, blood moves anteriorly through the ventral vessel, then 

dorsally through the gills, and posteriorly in the dorsal vessel 

(Fig. 29-1 A). 

CEPHALOCHORDATAsP  

The 30 described species of cephalochordates are glossy slivers 

that swim rapidly and slip through sand or fingers like tiny 

eels. Also known as lancelets, or amphioxus, these small, fish- 

like chordates occur in tropical and temperate oceans world- 

wide. Unlike most fish, however, lancelets burrow in porous 

intertidal or shallow subtidal sand and rarely emerge to swim 

in the water. While in their burrows, they expose the mouth 

to water at the sediment surface and filter out suspended 

food particles. Although widespread globally, their patchy 

local distributions are influenced by sediment suitability and 

the abundance of phytoplankton food. When these conditions 

are met, lancelet populations can be impressive. For example, 

Branchiosioma caribaeum occurs in densities of up to 5000 indi- 

viduals per m2 of sand in Discovery Bay, Jamaica. 

Cephalochordates are important as human food in parts of 

southeast Asia. Despite their modest size, lancelets are highly 

nutritious animals that, unlike fish, lack bones. Fresh animals 

may be cooked for immediate consumption or dried for later 

use. A now defunct amphioxus fishery near Xiamen, China, 

once recorded an annual catch of 35 tons, or approximately 

1 billion lancelets (Branchiostoma belcheri) from a fishing ground 

1 mile wide and 6 miles long. In parts of Brazil, chickens are 

herded onto beaches at low tide to feed on amphioxus. 

FORM AND LOCOMOTION 
The small lancelet body, 4 to 8 cm in adult length, is laterally 

compressed and tapered to a point at both head and tail 

ends (Fig. 29-3A,B). It is from this characteristic that the com- 

mon name, amphioxus, meaning “opposite points,” was coined 
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FIGURE 29-3 Cephalochordata: anatomy. A, Photograph of a living cephalochordate, Branchiostoma 

virginiae, in left lateral view. B, Left lateral view of a generalized lancelet. C, Cross section through the pharynx 

of a generalized lancelet; gonads omitted. D, Enlargement of body wall, showing the absence of cuticle but 

presence of a well-developed, fibrous dermis. 

(Fig. 29-3A,B). In life, many of the internal organs and tissues 

can be seen through the slightly pink, translucent, and irides- 

cent body wall. 

The body is divided into a poorly developed head, a long 

trunk, and a short tail (Fig. 29-3B). The head terminates ante- 

riorly in a short, blunt snout, or rostrum, which helps the ani- 

mal push aside sand while burrowing. The neuropore is a tiny 

pit at the base of the left side of the rostrum (Fig. 29-5B). 

Immediately posterior to the rostrum, the head bears a ventral 

mouth that is surrounded by a veil of fmgerlike projections, 
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the oral cirri (Fig. 29-3B). The generic name, Branchiostoma, 

meaning “gill mouth,” refers to the oral cirri, which were once 

thought to be gills. An oral hood forms the “cheeks” on both 

sides of the head, frames the mouth, and encloses the buccal 

cavity. 

The head grades smoothly into the trunk, which houses the 

gut and gonads (Fig. 29-3, 29-6). Internally, the trunk is 

divided into a branchiogenital region occupied by the phar- 

ynx and gonads and an intestinal region that contains the 

stomach and intestine. A large midventral atriopore, the out- 

let for the filter-feeding water stream, opens on the ventral 

midline approximately three-quarters of the body length from 

the head (Fig. 29-3B). The ventral anus is located just anterior 

to the tail fin. A short ventral fin is between the anus and atrio- 

pore and a continuous dorsal fin (Fig. 29-3B) extends from 

the head to the tail. The trunk is triangular in cross section, 

and two longitudinal, finlike ridges, the metapleural folds, 

are located ventrolaterally at the lower angles of the triangle 

(Fig. 29-3C). 

Cephalochordates lack a cuticle or tunic, and the epider- 

mis, never stratified as in the vertebrates, is a monolayered, 

nonciliated glandular epithelium (Fig. 29-3D). A basal lamina 

lies below the epidermis, and beneath the basal lamina is a 

thick dermis of extracellular matrix. The dermis is laced with 

cross-helically wound collagen fibers that support and 

toughen the body and are responsible for its iridescence. 

Although they are primarily sedentary burrowers (Fig. 

29-4B), cephalochordates can vacate their burrows and swim 

in short bursts of rapid, eel-like, lateral undulations of the 

body. They swim equally well in either the headfirst or tail-first 

direction (Fig. 29-4C,D). The same swimming movements are 

used for burrowing in sand. Living specimens confined to an 

Innervation 
process 

FIGURE 29-4 Cephalochordata: nerve cord, notochord, and burrowing. A, Photograph of the nerve cord 

(above) and notochord (below) dissected from a living lancelet; lateral view. Several of the thin, platelike 

notochordal muscle cells, in edge-on view, can be seen. B, Head-up, inverted feeding position of amphioxus. 

Headfirst (C) and tail-first (D) burrowing in amphioxus. E, Four muscle plates from the notochord. The 

myofilaments in each plate run transversely from left to right. The dorsal projection from each plate is an 

innervation process that makes contact with the dorsal nerve cord. F and G, Hypothetical changes in the 

cross-sectional profile of the notochord during forward (F) and rearward (G) swimming. While swimming 

forward, the posterior notochordal muscle may be contracted as shown to lower the bending resistance of the 

tail and increase its amplitude, thus creating greater forward thrust. Conversely, the anterior notochord may be 

contracted while the animal swims rearward (G). 
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aquarium are nearly impossible to catch with fingers or for- 

ceps because of their streamlined shape, speed, and slippery 

skin, and must instead be netted like small fish. 

NERVOUS SYSTEM AND 
SENSE ORGANS 
The CNS of amphioxus consists of a rudimentary brain, a dor- 

sal hollow nerve cord, and segmental sensory (and a few 

motor) nerves, which leave the cord dorsally and innervate a 

variety of structures, especially the rostrum, oral cirri, velum, 

and tail (Fig. 29-5B). The cord extends from the base of the 

rostrum to nearly the tip of the tail. Anterior to the brain, the 

neural canal opens to the exterior via the permanent, ciliated 

neuropore (Kolliker’s pit; Fig.,29-5B). Cilia in the neuropore 

create a flow of surface water that dips shallowly into the pore 

and then reemerges. Sensory cilia, originating from cells lin- 

ing the brain cavity, extend into the base of the neuropore 

and may be exposed to the water flow. 

A short distance behind the neuropore, the cord enlarges 

slightly to form a small, hollow brain. An unpaired pigment- 

cup ocellus is located in the anterior wall of the brain. Addi- 

tional ocelli, up to 1500 or more in Branchiostoma lanceolatum, 

are located in the cord posterior to the brain. Curiously, the 

ocelli on the left side of the cord face dorsally, and those on 

the right and ventral sides face ventrally. Amphioxus is nega- 

tively phototactic, and continuous illumination seems to arrest 

locomotion, causing the animals to remain in their burrows. 

A sudden pulse of bright light in dark-adapted animals, how- 

ever, will cause them to leave the sand and swim. The nerve 

cord ends in a slight expansion at the tip of the tail. Many cells 

lining the neural tube bear motile flagella that are directed 

posteriorly through the canal. 

MUSCULATURE AND NOTOCHORD 
The notochord is located directly below the nerve cord and 

extends from the tip of the tail forward into the rostrum (Fig. 

29-3B, 29-4A, 29-5). The name cephalochordate, meaning “head 

notochord,” refers to the unique continuation of the noto- 

chord anterior to the brain in amphioxus. The notochord 

consists of a longitudinal series of disc-shaped cells arranged 

like a stack of coins (Fig. 29-4A,E). The entire structure is en- 

closed in a fibrous extracellular matrix, the notochordal 

sheath, that resembles the epidermal basal lamina and dermis 

(Fig. 29-3D) and probably helps to stiffen the notochord and 

control its shape (Fig. 29-3C). Each notochordal cell is a 

specialized epitheliomuscular cell in which the contractile fila- 

ments run transversely, from left to right. Thus, the 

amphioxus notochord is a muscle designed for a skeletal func- 

tion. A regional contraction of the discoid muscle cells might 

locally adjust the stiffness of the notochord to achieve optimal 

performance while swimming forward, rearward, through 

water, or through sand (Fig. 29-4F,G). Each notochordal cell 

is innervated via a short, slender outgrowth of the muscle cell 

itself the innervation process, that makes contact with the 

overlying nerve cord (Fig. 29-4E). 

Cephalochordates are segmented, coelomate animals, like 

annelids (and vertebrates). Lancelet segmentation is obvious in 

the arrangement of the swimming muscles into a longitudinal 

series of 50 to 75 V-shaped myomeres (= muscle segments). 

The myomeres, which are out of register on opposite sides 

of the body, are separated from each other by myosepta (Fig. 

29-3B,C). The myomeres form the longitudinal cross-striated 

musculature of the body wall and are responsible for the undu- 

latory swimming and burrowing movements of the body. 

A functional explanation for the V-shape of the myomeres has 

not yet been advanced. 

Circular muscles are absent, but a well-developed trans- 

verse muscle (pterygial muscle) spans across the belly between 

the metapleural folds (Fig. 29-3C). Contraction of this muscle 

pulls together the two stiff metapleural folds (similar to clos- 

ing the two valves of a clam). This action compresses the 

atrium and pharynx and forces the water within to squirt from 

the mouth in a so-called cough reflex. Compression of the 

pharynx also closes the gill slits (and presumably arrests ciliary 

water pumping) by rocking rearward the free ventral side of 

the pharynx. 
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FIGURE 29-5 Cephalochordata: head and oral region. A, Left lateral view of the head of a living 

Branchiostoma caribaeum, showing the oral cirri, wheel organ, velum, and anterior pharynx with gill slits. 

B, Left lateral view of the lancelet head. 
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COELOM 
Segmentation in lancelets is more like that of annelids than 

is obvious upon superficial examination. Each amphioxus 

myomere is actually a segmental coelomic cavity lined by a 

monolayered mesothelium. The mesothelial cells in contact 

with the nerve cord are greatly enlarged epitheliomuscular 

cells that bulge into the coelomic cavity and together 

form the swimming muscles (Fig. 9-1 IF,G, 29-1B). Because 

lancelet myomeral muscle cells rest directly on the outer wall 

of the nerve cord, they are innervated by contact with the 

cord, in contrast to the vertebrates, in which motor neurons 

leave the cord to innervate distant muscles. The enlarged 

myocytes nearly fill the coelomic space, but a small cavity 

called the myocoel remains (Fig. 9-1 IF,G, 29-1B, 29-3C). 

That part of the myocoel not in contact with the nerve cord 

is lined by a mesothelium of noncontractile, ciliated cells 

that may help to circulate the myocoelomic fluid. The 

myosepta occur at areas of transverse contact between the 

myomeral coelomic cavities. Tike the annelid septa, they con- 

sist of a sandwich of extracellular matrix between two layers 

of mesothelium. 

The dorsal and ventral fins, but not the tail fin, are sup- 

ported by a longitudinal series of small, unpaired coeloms 

called fin boxes (Fig. 29-5B). The number of fin boxes in 

the dorsal fin, for example, often exceeds 200, and thus the 

number of fin “segments” does not correspond to the num- 

ber of myomeres. The septa between the fin boxes form the 

fin rays. 

A paired, nonsegmented perivisceral coelom surrounds the 

entire gut from the pharynx to the anus, but nowhere is it 

voluminous, and most of the extracellular fluid volume 

around the pharynx and gut is provided by the atrium (dis- 

cussed later). In the pharyngeal region, the perivisceral 

coelom forms a set of small, complexly interconnected spaces. 

One of these, the endostylar coelom, surrounds the contrac- 

tile ventral aorta (the endostylar artery, or “heart”) and is 

essentially a pericardial cavity. Another branch of the perivis- 

ceral coelom, the subchordal coelom, covers the outer wall 

of the pharynx above the gill slits and is associated with the 

excretory organs, discussed below (Fig. 29-3C). 

The pterygocoel occupies the interior of the metapleural 

folds (Fig. 29-3C). The coelomic fluid in the pterygocoels is 

gelatinous and contributes to the stiffness of the folds. 

DIGESTIVE SYSTEM AND NUTRITION 
The digestive system of amphioxus is strikingly similar to that 

of filter-feeding enteropneusts, tunicates, and primitive verte- 

brates. As in these other groups, lancelets ingest large quanti- 

ties of particles from which they extract organic material while 

eliminating water through the gill slits and mineral particles 

through the anus (Fig. 29-6). Water entering the pharynx 

passes through the gill slits into a circumpharyngeal water 

jacket, the atrium (Fig. 29-3C), which opens to the exterior 

posteriorly at a midventral atriopore and then continues pos- 

teriorly to the anus as the blind-ended post-atrioporal atrium 

(Fig. 29-6). Water flow through the pharynx and atrium not 

only delivers food particles, but also ventilates the internal or- 

gans for gas exchange. Fateral cilia on the gill slits are chiefly 

responsible for generating the water flow, but cilia also occur 

on the lining of the atrium. 

The large mouth, functionally an inhalant siphon, is sur- 

rounded by oral cirri that form a coarse screen and prevent 

the entry of large particles. Sensory cells on each cirrus prob- 

ably provide the animal with information on water quality. 

The buccal cavity (vestibule), which is enclosed by the oral 

hood, is a short section of the foregut that receives particles 

and water from the mouth (Fig. 29-6), and its inner ciliated 

surface bears two specialized structures. The wheel organ is 

a set of ciliated grooves in the lining of the buccal cavity. The 

grooves trap very fine particles in mucus and then convey 

the mucus-bound particles into the pharynx (Fig. 29-5B). 

Hatschek’s pit is a shallow pocket in the mid-dorsal wall of the 

buccal cavity. Recent research using immunocytochemical 

techniques indicates that Hatschek’s pit contains endocrine 

cells, which are believed to secrete pituitary-like hormones 

into the blood. 

Separating the buccal cavity from the pharynx is a muscular 

iris diaphragm called the velum (Fig. 29-5B, 29-6). The aper- 

ture of the velum bears a ring of sensory velar tentacles. One 

function of the velum is to mediate the so-called cough reflex, 

a sudden and rapid contraction of the atrium that expels 

water from the pharynx through the mouth. 

The pharynx, a long spacious tube perforated by 180 or 

more pairs of narrow gill slits, is surrounded by the atrium. 

Early in development, the gill slits are segmental, correspond- 

ing in number to the myomeres, but later the number of gill 

slits (branchiomeres) exceeds that of the myomeres. Each gill 

FIGURE 29-6 Cephalochordata: functional organization of the digestive system. Open arrows show the 

passage of water, solid arrows show the path of food particles and digestive enzymes. The hepatic cecum, 

a right-side structure, is shown on the left side of the body for clarity. 
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FIGURE 29-7 Cephalochordata: gill slits and gill skeleton. 

A, Ventral view of the outer wall of the pharynx from a living 

lancelet showing the elongate, U-shaped gill slits and 

slender tongue bars. The dark zigzag band along the ventral 

midline is probably a blood vessel. B, High-magnification 

view of part of four gill slits showing the transverse 

synapticles that support the tongue bars. 

cleft develops as a circular or oval opening in the pharyngeal 

wall, but it soon elongates vertically and is divided into two gill 

slits by the downgrowth of a tongue bar (Fig. 29-5, 29-7). Gill 

bars surround and support each pair of gill slits. The 

endostyle is a ciliated midventral groove, U-shaped in cross 

section, in the floor of the pharynx. Opposite the endostyle, in 

the mid-dorsal line of the pharynx, is the ciliated epipharyn- 

geal groove, which extends rearward into the short, narrow 

esophagus (Fig. 29-3C). At the anterior end of the pharynx, 

near the velum, the two ciliated arms of the U-shaped 

endostyle diverge and encircle the pharyngeal lining as 

peripharyngeal bands. The ciliated peripharyngeal bands join 

the epipharyngeal groove dorsally well behind the velum. 

The esophagus joins a slightly inflated stomach. A single 

unbranched diverticulum, the hepatic cecum, arises from the 

stomach and projects anteriorly into the atrium along the 

right side of the pharynx (Fig. 29-6). The stomach is followed 

posteriorly by an expanded tubular section of the gut called 

the iliocolon. The iliocolon joins the intestine posteriorly. The 

intestine opens to the exterior at a ventral anus between the 

ventral and tail hns. 

All lancelets are filter feeders. Lateral cilia on the gill-slit 

wall pump water from the pharynx, through the gill slits, into 

the atrium, and out the atriopore. The outflow from the phar- 

ynx draws water and suspended food particles into the mouth, 

buccal cavity, and pharynx. Fine suspended particles are 

trapped on the wheel organ, as already mentioned, but most 

particles are separated from the water in the pharynx. The 

pharynx traps particles on a mucous net secreted by the 

endostyle. 

The endostyle, which is the evolutionary forerunner of the 

vertebrate thyroid gland, is the principal center for the elabo- 

ration of a specialized mucus — a complex mucoprotein con- 

taining iodine bound to the amino acid tyrosine. Iodination of 

the protein occurs in two localized regions of the endostyle, 

near the upper ends of its U-shaped profile (Fig. 29-3C). 

Endostylar flagella cast mucus onto the lining of the pharynx 

in two sheets, one on each side of the endostyle. Together, the 

two sheets, which microscopically resemble mosquito netting, 

constitute the mucous net. The mucous net is transported 

slowly from the endostyle (ventral) to the opposite side of the 

pharynx (dorsal) by frontal cilia on the pharyngeal lining 

(Fig. 29-15D). As the net moves over the slits, water passes 

through it and food particles are trapped. When the food- 

laden net reaches the dorsal midline of the pharyngeal lining, 

it is rolled into a single threadlike cord by the epipharyngeal 

groove (Fig. 29-6). 

Cilia in the epipharyngeal groove convey the food cord into 

the esophagus, then the food enters the stomach and iliocolon. 

Well-developed cilia in the iliocolon rotate the food cord while 

digestive enzymes from the hepatic cecum are released onto 

the food. Extracellular digestion occurs in the stomach and 

iliocolon and absorption occurs primarily in the hepatic 

cecum. Indigestible material passes into the intestine, is com- 

pacted into a fecal cord, and then egested through the anus. 

Lancelets filter particles in the size range of 0.06 to 100 |am, 

which includes phytoplankton, bacteria, and even colloidal 

particles (proteins). 

Like the proboscis and branchial skeletons of acorn worms, 

the branchial skeleton of cephalochordates is composed of 

cross-linked collagen fibers. 

HEMAL SYSTEM AND INTERNAL 
TRANSPORT 
The hemal system is well developed, consisting of arteries, 

veins, and smaller vessels, but no typical, compact heart (Fig. 

29-8). Instead, the ventral blood vessel, consisting of the sinus 

venosus and ventral aorta (endostylar artery), is strongly con- 

tractile and heartlike in function. Contraction of the ventral 

aorta pushes blood through capillaries in the gills to the 

paired dorsal aortae, which unite in the post-pharyngeal 

region of the body to form an unpaired dorsal aorta. The aor- 

tae transport blood posteriorly. The dorsal aortae give rise to 

three primary branches: segmental arteries leading to capillar- 

ies in the myosepta, segmental arteries leading to capillaries in 

the atrium and gonads, and intestinal arteries extending to 

capillaries in the gut wall (Fig. 29-8). Blood returning from 

these capillary beds in the myosepta, atrium, and gonads 

passes into the cardinal veins, then into the common cardinal 

veins, which unite anteriorly to form the sinus venosus which 

then becomes the ventral aorta. Blood from capillaries in the 

gut wall drains into the hepatic portal vein and enters a capil- 

lary bed in the hepatic cecum before being collected by the 

hepatic vein, which joins the sinus venosus and ventral aorta. 
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FIGURE 29-8 Cephalochordata: simplified anatomy of the circulatory system. (Modified and redrawn from Rdhr, 

H. 1979. The circulatory system of amphioxus (Branchiostoma lanceolatum Pallas). A light-microscopic investigation based 

on intravascular injection technique. Acta Zool. 60:1-18.) 

The blood is colorless, contains few cells, and is unlikely 

to play a significant role in gas transport. Instead, water flow 

through the atrium, including the post-atrioporal atrium, ven- 

tilates the tissues of the body. The notochord and muscles con- 

tain hemoglobin, which may facilitate the diffusion of oxygen 

or, by storing it, may extend the performance time of these 

tissues. Despite these provisions, lancelets are able to swim 

actively for only short periods of time. 

The blood vessels of lancelets lack the endothelium typical 

of vertebrates and are lined only with the basal lamina of over- 

lying cell layers or are simply open channels in the connective 

tissue. Thus although the gross anatomy of the lancelet circu- 

latory system is like that of vertebrates, it is histologically simi- 

lar to the hemal systems of invertebrates. 

EXCRETION 
Although cephalochordates are probably ammonotelic ani- 

mals, they have paired filtration nephridia associated with the 

pharynx and an unpaired nephridium called Hatschek’s 

nephridium in the head. Each of the paired nephridia has 

a short, ciliated duct that discharges into the atrium. The duct 

from Hatschek’s nephridium empties into the pharynx imme- 

diately behind the velum. From the atrium, urine leaves the 

body through the atriopore, but uric acid, an end product of 

purine metabolism, is reportedly stored in the tissues associ- 

ated with the gonads. 

The paired nephridia are in the subchordal coelom near 

the dorsal side of each gill slit (Fig. 29-9). Each nephridium 

consists of a cluster of podocytes on a branch of the dorsal 

aorta. However, the apical end of each podocyte bears a flagel- 

lum encircled by a collar of long microvilli and thus resembles 

a protonephridium. Similar to a protonephridium, the tube- 

like collar inserts into the excretory duct so that urine 

must pass through the collar before entering the duct (Fig. 

29-9). Cephalochordates are thought to have inherited a 

metanephridial system, but its structure seems to indicate 

combined metanephridial and protonephridial function. One 

hypothesis for the presence of these dualistic filtration cells is 

FIGURE 29-9 Cephalochordata: nephridia. Amphioxus has paired 

branchiomeric nephridia, and one such nephridium is shown here 

in cross-sectional view. Presumably, primary urine is formed by 

ultrafiltration of the blood into the subchordal coelom. Apparently, the 

urine is modified in the subchordal coelom before being swept by cilia 

into the nephridioduct and atrium, from which it eventually leaves the 

body via the atriopore. The cells at the filtration site are intermediate 

in form between podocytes and protonephridial terminal cells. 

that they are downstream of the gill capillaries, in which the 

blood pressure drops, and rest on a noncontractile blood 

vessel (a branch of the dorsal aorta). Perhaps the podocyte 

flagella supplement the insufficient filtration pressure of the 

dorsal aorta. 
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REPRODUCTION AND DEVELOPMENT 
Cephalochordates are gonochorists with external fertilization 

and a complex life cycle that includes a benthic adult and 

a planktotrophic larva. Branchiostoma usually has 26 pairs of 

gonads (Fig. 29-3A,B), often corresponding to myomeres 

10 through 35. Spawning occurs at sunset in the European 

Branchiostoma lanceolatum, when ripe gametes rupture from the 

gonads into the atrium and are carried to the exterior in the 

exhaust from the atriopore. The zygotes undergo equal, 

holoblastic, radial cleavage to form a coeloblastula. Gastrula- 

tion is by invagination, and the anterior coelomic cavities, 

myomeres, and notochord all form by enterocoely (Fig. 

29-10). 

The planktotrophic larva is a tiny, ciliated, tadpolelike crea- 

ture (Fig. 29-11). Oral cirri, aif oral hood, an atrium, and dor- 

sal and ventral fins are absent, but there is a well-developed 

tail fin. Anteriorly, the body exhibits a striking asymmetry: a 

large mouth is located on the left side of the head, and the 

first gill slits are found on the right side. The endostyle is verti- 

cal in the dorsoventral axis at the anterior end of the pharynx. 

The preoral pit, which is the precursor of the wheel organ, 

and 'Hatschek’s pit (neuropore) open on the left side of the 

head. The club-shaped gland is a glandular ciliated duct that 

opens externally on the left side of the head below the mouth 

and internally into the anterior pharynx near its dorsal mid- 

line. Its function is uncertain, but most evidence suggests a 

role in larval feeding. 

Using cilia for locomotion, the larva adopts the same 

head-up and slightly inverted orientation in the plankton as 

the adult does in its burrow (Fig. 29-4B). The gill-slit cilia 

pump water transversely, from left to right, through the 

mouth, pharynx, and gill slits (Fig. 29-1 IB). The large mouth 

and gill slits, as well as the short path through the pharynx, 

provide a low-resistance channel through which a substantial 

water volume may be pumped. Suspended particles are 

trapped on an endostyle-secreted mucous net cast across 

the path of water flow (Fig. 29-1 IB). The preoral pit, like the 

adult wheel organ, contributes to particle capture. During 

the gradual metamorphosis, the larval mouth becomes the 

velum and the oral hood develops to enclose the buccal 

cavity and form the adult mouth and oral cirri (making 

the adult mouth and buccal cavity, strictly speaking, preoral 

structures). The metapleural folds grow ventrally and 

medially to enclose the pharynx and form the atrium. The 

developing gill slits become bilaterally distributed along the 

pharynx (Fig. 29-11C). 

DIVERSITY OF CEPHALOCHORDATA 
Most species (23) of cephalochordates are members of the 

genus Branchiostoma, including B. lanceolatum in Europe, 

B. virginiae of the southeastern coast of the United States, 

B. floridae in the Gulf of Mexico, and B. californiense on the 

southwestern coast of the United States. These species are 

all similar in appearance and habits and have been widely 

studied as “amphioxus.” In contrast to these “amphioxi” are 

the few species (seven) of Epigonichthys, formerly known as 

Asymmetron. These species are asymmetric in the placement 

of their gonads, which occur only on the right side of 

the body. 

B 
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FIGURE 29-10 Cephalochordata: development. A, Zygote. B, Eight-cell stage, showing radial cleavage 

pattern. C, Blastula. D, Gastrula. E, Onset of neurulation and somitogenesis (segment formation). F, Onset of 

notochordogenesis and later stages of neurulation and somitogenesis. G and H, Completion of organogenesis. 

(Modified and redrawn from Willey, A. 1894. Amphioxus and the Ancestry of the Vertebrates. MacMillan and Co., New York. 

316 pp., and Conklin, E. G. 1932. Embryology of amphioxus. J. Morphol. 34:69-131.) 
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FIGURE 29-11 Cephalochordata: larval anatomy and metamorphosis. A, Left lateral view of the larva. B, Cross 
section through the mouth of the larva in A, showing asymmetry, the path of water flow, and the filter-feeding 
mucous net. C, Ventral views of stages in metamorphosis showing the enclosing of the larval gill slits by the 
metapleura! folds to form the atrium. Later, the mouth and preoral pit migrate ventrally from their positions on 
the left side of the head and become enclosed in the buccal cavity, which has not yet formed. The larval mouth 
becomes the adult velum, and the preoral pit differentiates into Hatschek's pit and the wheel organ. (C, Modified 
and redrawn from Willey, A. 1894. Amphioxus and the Ancestry of the Vertebrates. MacMillan and Co., New York. 316 pp.) 

TUNICATAsP (UROCHORDATA) 
The sea squirts and their planktonic relatives, although clearly 

chordates, have diverged farthest from the chordate ground 

plan. Tunicates are common marine animals that little resem- 

ble other chordates, or other animals for that matter. Most are 

sessile, attached organisms with the body covered and 

attached to the substratum by a complex tunic. Many species 

are colonial, the only examples of coloniality among the chor- 

dates. The pharynx is well developed, but the notochord, dor- 

sal hollow nerve cord, and postanal tail are absent in adults, 

except in one taxon (Appendicularia). With the exception of 

Appendicularia, the four main chordate characteristics occur 

only in the transitory larval stage, which both resembles and is 

called a tadpole. Both the tadpole and the adult lack a coelom 

and a metanephridial system and the gut is absent from the 

tail. Instead, the U-shaped gut is located solely in the head and 

foreshortened trunk. Excretory structures, when present, are 

of a type unique to tunicates. The tunicate musculature is 

composed of myocytes, not the epitheliomuscular cells of the 

chordate ground plan. Tunicate connective tissues, including 

the blood and tunic, are well developed and often contain 

functionally diverse cells. 

The tunicates are divided into three taxa (classes): Ascidi- 

acea, Thaliacea, and Appendicularia (Larvacea). The benthic 

ascidians contain the majority of species and are the most 

common tunicates. The other two classes are adapted for life 

in the plankton. Approximately 2150 species of tunicates have 

been described. 

ASCIDIACEA0 

Ascidians, often called sea squirts, are common sessile, marine 

invertebrates throughout the world. Species are either solitary 

or colonial, with few to thousands of tiny zooids per colony 

(Fig. 29-12). Most ascidians occur in shallow water, where they 

attach to rocks, shells, pilings, and ship bottoms or sometimes 

affix themselves in mud and sand by filaments or a stalk. 

A great diversity of species inhabit shallow tropical seas, and 

many colonial species occupy crevices in old coral heads and 

the undersides of coralline rock. Still others form in large, 

conspicuous clusters on gorgonian corals and mangrove roots 

or in thick, rubbery mats on rocks, pilings, and floating docks 

(Fig. 29-13). Some ascidians are drab lumps, but many are 

brightly colored. Solitary species can be the color of cherries, 

limes, or peaches, and colonies may be blood red, kiwi green, 
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FIGURE 29-12 Tunicata: ascidian diversity. 
A, Colonial aplousobranchs: the compound ascidian 
Aplidium stellatum (sea pork). B, The light bulb 
tunicate Clavelina oblonga. C, The colonial 
stolonate phlebobranch Perophora viridis 
(honeysuckle tunicate). D, The solitary phlebobranch 
Ascidia curvata. E, The colonial stolidobranch 
Symplegma rubra. F, Solitary stolidobranchs Styela 
plicata and G, the sea grape, Molgula manhattensis. 

FIGURE 29-13 Tunicata: ascidian diversity. The sea liver, Eudistoma 
hepaticum (Aplousobranchia), a compound ascidian, grows into tough, 
massive colonies on floats, jetties, and pilings along the southeastern 
coast of the United States. 

or patterned like Persian rugs. Their striking colors and forms 

are rivaled only by corals and sponges, the two other major 

groups of epibenthic, suspension-feeding macroinvertebrates. 

Of the approximately 2000 species, only 100 have been col- 

lected from depths greater than 200 m (Fig. 29-14), and a few 

from the interstices of sandy beaches. 

Solitary Body Form 
Solitary ascidians such as Styela, Ascidia, and Molgula are called 

simple, or solitary, ascidians (Fig. 29-12D,F,G) in contrast to the 

many species of colonial ascidians (Fig. 29-12A-C,E). The size 

and shape of solitary species can resemble a seed, grape, peach, 

or potato, and some are irregular. Halocynthia pyriformis of the 

northeast U.S. coast and H. aurantium on the Pacific coast are 

known as sea peaches because of their size, shape, and color. 

The widespread sea grape, Molgula manhattensis, not only resem- 

bles a grape, but often grows in grapelike clusters. One of the 

largest solitary ascidians is Pyura pachydermatina, aim tall, 

stalked species of the southern hemisphere. But the largest 

ascidians are colonial species, discussed below, whose bodies 

may easily exceed one meter. 

One surface of the body is attached to the substratum, and 

on the opposite are two openings, each borne on a tubular 

projection. These are the buccal and atrial siphons, the inlet 

and outlet, respectively, for the filter-feeding water stream 

(Fig. 29-15A). 

In contrast to shallow-water ascidians, 95% of which live 

attached to firm surfaces, most deep-sea species anchor in soft 

bottoms and project upward into the water. Most are tiny, 

spherical zooids anchored by fibrils, but some are large and 

stalked. A few transparent, irregular species float above their 

tethers like rags on a line (Fig. 29-14). 

Colonial Body Form 
A colonial body form has evolved independently several times 

in the Ascidiacea. Colonies occur in a range of designs, from 

those in which the zooids are nearly independent to colonies 

with a high degree of zooidal integration. In general, the zooids 



FIGURE 29-14 Tunicata: deep-sea ascidians. 

Most live on soft bottoms, in contrast to 

predominately hard-bottom species of shallow 

water. Note the long, slender stalk or rootlike 

process by which fixation in soft bottoms is 

made possible. A, Coleolus suhmi. B, 

Octonemus ingolfi. This last species, unlike 

most other tunicates, is believed to be 

predaceous. Prey are trapped by means of the 

large, tentacle-like siphon lobes. (Drawn from 

photographs by Monniot and Monniot, 1975.) 
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FIGURE 29-15 Tunicata: functional anatomy of the pharynx and gut. A, Diagrammatic cutaway view of a 

solitary ascidian, showing internal organs. Large arrows show the path of water flow, small arrows that of the 

mucous net. B, Cross section of the pharynx in A. C, Enlargement of the endostylar region of B to show transport 

of the mucous net and the water flow through the gill slits. D, Scanning electron micrograph of the mucous net 

of Ciona intestinalis. (D, From Flood, P. FL, and Fiala-Medioni, A. 1979. Filter characteristics of ascidian food trapping 
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mucous films. Acta Zool. 60:271.) 
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that compose a colony are small and often microscopic, but 

sometimes they are so numerous that the colonial body may be 

enormous. Such colonies often form thick, irregular mats on 

rocks, floating docks, boat hulls, and pilings (Fig. 29-13). 

In the simplest colonies, the zooids are spaced apart but 

united by stolons. For example, in Perophora, the colony is like 

a vine with attached globular zooids (Fig. 29-12C). In others, 

such as Ecteinascidia turbinata, the stolons are short and the 

zooids are clustered in tufts (Fig. 10-18). A more intimate asso- 

ciation occurs in Clavelina. Here the zooids are united not 

only by stolons, but also by fusion of the lower half of the 

zooidal tunics (Fig. 29-12B). In the most specialized colonies, 

the compound ascidians, all zooids are completely embedded, 

except for their openings, in a common tunic. 

Compound ascidians may ]De small or large, encrusting and 

thin, or massive and thick (Fig. 29-12A, 29-13). Within the tunic 

of compound species, the siphons of each zooid may open inde- 

pendently of those of other zooids or the atrial siphons of neigh- 

boring zooids may share a common exhaust chamber, the 

cloaca. Such highly integrated zooids are usually arranged in 

orderly systems. One common system is a circle of buccal 

siphons (and their zooids) around a central cloaca. A large 

colony may be dotted with hundreds or thousands of these 

systems, each appearing like a star against the tunic firmament. 

This starlike character is reflected in the names of a few species, 

such as Aplidium stellatum and A. constellatum (Fig. 29-12A). 

Another common and colorful species with this arrangement is 

Botryllus schlosseri (Fig. 29-16A). A vertical section through the 

center of a Botryllus system reveals how the atrial siphon of each 

zooid opens into the cloaca, which then discharges at the sur- 

face (Fig. 29-16B). The zooids of Botryllus are only a few millime- 

ters in diameter, but because a single colony may contain many 

star-shaped systems, the colonial body may reach 12 to 15 cm. 

Body Regions 
Within the tunic, the ascidian zooid can be divided into three 

body regions: an anterior (or distal) thoracic region contain- 

ing the pharynx, an abdominal region containing the digestive 

tract and associated structures, and the postabdominal region 
(Fig. 29-17). The postabdomen, which may be long and 

threadlike, is the most basal (posterior) part of the body and 

contains the heart and reproductive organs. These three 

regions are conspicuous only in the microscopic zooids of 

some colonial species (aplousobranchs). Most ascidians lack 

a postabdomen, and many species with large solitary zooids 

(Ascidia, Styela, Molgula, Microcosmos) even lack an abdomen. 

With the loss of the postabdomen, abdomen, or both, the vis- 

cera shift anteriorly. For example, in species with a thorax 

only, the heart, gonads, and gut share the thorax with the 

pharynx (Fig. 29-17). 

Tunic, Body Wall, and Musculature 
The body of an ascidian is covered by a monolayered epidermis 

overlaid with a complex tunic from which the name tunicate is 

derived (Fig. 29-18). The tunic usually is thick but varies from 

a soft, delicate consistency to one that is tough and similar to 

cartilage. The tunic of Aplidium stellatum (called sea pork) has 

both the appearance and texture of stiff fat. On the other hand, 

the transparent, gelatinous tunic of Diplosoma species encloses 

numerous colonial zooids that resemble frog eggs in jelly. 

Like most cuticles and exoskeletons, the tunic is composed 

of various proteins and carbohydrates, but it also has several 

features unique to tunicates (Fig. 29-18). One is the presence 

of structural fibers composed of a kind of cellulose called 

tunicin. These parallel fibers typically occur in successive thin 

sheets, each of which has its fibers oriented at a different 

angle from that preceding it and is stacked within the tunic 

like successive plies of plywood. This fiber arrangement, which 

is similar to that of some arthropod cuticles, gives the tunic 

toughness and strength. Other striking features are the pres- 

ence of blood cells (hemocytes) in the tunic and, in some 

species, tunic vessels, which develop as tubular outgrowths of 

the hemal system and body wall. The tunic vessels are uniquely 

lined by epidermis and epidermal basal lamina. The presence 

of hemocytes in the tunic means that it is a living tissue akin to 

a connective tissue in the body. A third unique characteristic is 
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FIGURE 29-16 Tunicata: integration of zooids in colonial ascidians. A, The compound ascidian Botryllus 

schlosseri, showing two starlike systems of zooids. B, Vertical section through the center of one system. 

(A, After Milne-Edwards from Yonge; B, After Delage and Herouard.) 
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FIGURE 29-17 Tunicata: ascidian 

body regions. A, Many aplousobranch 

colonies are composed of zooids that 

each have three body regions: the thorax 

(pharynx and atrium), abdomen (gut 

loop), and postabdomen (heart and 

gonads). B, Some phlebobranchs have 

a thorax and abdomen, but no 

postabdomen. C, Most phlebobranchs 

and aH stolidobranchs have only one 

body region, the thorax. The body of 

all ascidian juveniles (oozooids) is 

composed of thorax only. Posterior 

elongation to form the abdomen or 

abdomen and postabdomen results 

from postmetamorphic growth and is 

correlated with tunic thickness. 

Aplousobranch zooids having all three 

body regions form compound colonies 

with a very thick common tunic, as 

shown in Figure 29-13. (Modified, and 

redrawn from Berrill, N. J. 1935. Studies in 

tunicate development. Part TV—Asexual 

reproduction. Phil. Trans. Roy. Soc. Lond. B 

225:327-379.) 
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FIGURE 29-18 Tunicata: generalized ascidian tunic. The extracellular tunic of ascidians is a dynamic 

exoskeleton that enlarges, without being molted, as the body grows. Although the process of tunic growth is not 

fully understood, tunic precursors are transported to the tunic by the blood in species having a vascularized tunic 

and released into the outer surface of the tunic. Secretion and removal of tunic by the epidermis may also occur. 

that ascidians are the only animals that do not molt as they 

grow inside a thick exoskeleton. This means that the tunic 

must grow to keep pace with the growth of the zooid. Tunic 

growth apparently is the responsibility of both the epidermis 

and the tunic hemocytes. 

The tunic clearly has supportive and protective functions that 

are enhanced in some species by the addition of hard structures. 

Species of didemnids and some pyurids secrete calcareous spic- 

ules or plates embedded in the tunic (Fig. 29-18). Some species, 

such as Eudistoma carolinense, incorporate sand grains in the tunic 

to such an extent that their bodies are rock hard. Others, for 

example Didemnum psammathodes, whose colonies spread over 

rocks like melted chocolate, incorporate their cocoa-brown feces 

into the tunic, perhaps for camouflage or to increase its stiffness. 

The tunic attaches ascidians to the substratum and often is thick 

and expanded at the point of attachment. Rootlike stolons may 

ramify from the attached base to provide better anchorage, and 

these, too, are covered by tunic. 

A basal lamina and a thick, gelatinous connective tissue 

underlie the epidermis. The muscles, nerves, blood vessels, 
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and ameboid cells occur in the connective-tissue layer. The 

musculature consists of distinct outer circular and inner longi- 

tudinal bands of smooth muscle. The longitudinal fibers 

extend from the body to the siphons and on contraction with- 

draw the siphons (Fig. 29-19). The circular muscles predomi- 

nate on the siphons as sphincters that regulate the size of the 

openings. Contraction of the body-wall musculature occurs 

periodically, compressing the body, forcing jets of water from 

the siphons, and eventually closing the siphons. The periodic 
squirting of water from the siphons, characteristic of all ascidi- 

ans, and often in response to unwanted matter in the water 

or other disturbances, is the reason for the common name 

sea squirt. 

Pharynx and Atrium 
The anterior buccal siphon opens internally into a large phar- 

ynx. At the junction of siphon and pharynx, the mouth is 

encircled by a ring of buccal tentacles. The tentacles project 

into the water-flow path to prevent the entry of large, 

unwanted particles (Fig. 29-15A). 

The walls of the pharynx are perforated by small, ciliated 

gill slits (stigmata; sing., stigma) that permit water to pass from 

the pharynx into the surrounding atrium. Lateral cilia project 

into the gill slits and frontal cilia cover the interior surface of 

the pharynx. On the ventral side of the pharynx—the side 

opposite the atrial siphon—is the endostyle, which extends the 

length of the pharynx (Fig. 29-15A-C). Anteriorly, at the junc- 

tion of the pharynx and buccal siphon, the endostyle divides 

into two ciliated peripharyngeal bands that encircle the open- 

ing into the pharynx. These converge in the dorsal midline to 

form a ciliated ridge, the dorsal lamina (Fig. 29-15B) in some 

taxa or a row of tonguelike languets in others, that extends 

posteriorly into the esophagus. 

The pharynx is surrounded by the water-filled atrium 

except where the pharynx is attached to the body wall on its 

ventral endostyle side. Elsewhere, cordlike mesenteries cross 

the atrium between the atrial and pharyngeal walls, suspend- 

ing the unattached part of the pharynx, which lacks a rigid 

skeleton, and preventing its collapse. Dorsally, the atrium 

opens to the exterior through the atrial siphon. The cavity just 

inside the atrial siphon is sometimes called the cloaca because 

it receives both wastes from the anus and gametes from 

the gonoducts. The epithelium lining the atrium and atrial 

siphon is derived from ectoderm. Traditionally, the pharynx 

is believed to be derived from embryonic endoderm, but a 

FIGURE 29-19 Tunicata: ascidian musculature. Musculature of the 
stolidobranch Pyura ostreophila. (Modified and redraxvn from Kott, P. 

1989. Form and function in the Ascidiacea. Bull. Mar. Sci. 45:253—276.) 

recent developmental study of the edible Japanese ascidian 

Halocynthia roretzi indicates that the pharynx, like the atrium, 

originates from ectoderm. 

Digestive System and Nutrition 
Ascidians are filter feeders that remove plankton from the water 

current pumped through the pharynx. The water current is 

produced by the lateral cilia on the margins of the gill slits (Fig. 

29-15C). As in most filter feeders, an enormous quantity of 

water must be filtered to provide adequate food. On average, 

this amounts to 1 body volume of water per second. A specimen 

of Ascidia nigra, itself only a few centimeters in length, pumps 

173 liters of water through its body in 24 h (Fig. 29-20A). 

As water is pumped through the pharynx, suspended food 

particles are trapped on the lining of the pharynx in a mucous 

net secreted by the endostyle. Frontal cilia on the pharyngeal 

lining slowly transport the continuously secreted net from the 

ventral endostyle dorsally (Fig. 29-15D). When the food-laden 

net reaches the dorsal midline of the pharynx, it is rolled into 

a threadlike cord by the dorsal lamina or dorsal languets and 

then conveyed into the esophagus. 

As in cephalochordates, the endostylar mucous net of 

ascidians (and other tunicates) contains a complex iodopro- 

tein. When examined with an electron microscope, the net is 

a regular meshwork with openings of approximately 0.5 pm 

(Fig. 29-15D). Such a filter readily removes the smallest plank- 

ton, including bacteria, from the water. Ascidians can halt 

feeding by closing the buccal siphon, by arresting ciliary beat, 

or by stopping the flow of mucus from the endostyle. 

Downstream of the pharynx, the digestive tract is a U-shaped 

loop (Fig. 29-15A). The esophagus, the descending arm of the 

U, joins the stomach, an enlargement at the turn of the U. The 

stomach is lined with secretory cells and is the site of extracellu- 

lar digestion. The ascending arm of the digestive tract is the 

intestine, the terminal end of which is a rectum and anus. The 

intestine forms feces and is probably the site of absorption (Fig. 

29-15A). The anus discharges fecal strings or pellets into the 

atrium for transport out of the body through the atrial siphon. 

In all tunicates, a network of tubules, the pyloric gland, cov- 

ers the outer wall of the anterior intestine (Fig. 29-15A). By way 

of one or many collecting canals, the pyloric gland opens into 

the intestine near its attachment to the stomach. The secretory 

products of the pyloric glands may be digestive enzymes and 

substances involved in pH regulation. The gland also stores 

glycogen and plays a role in the removal of blood-borne toxins. 

A few soft-bottom ascidians feed on deposited material 

from the surface of the surrounding sediment. Remarkably, 

some deep-water species are carnivores that feed on small ani- 

mals such as nematodes and small, epibenthic crustaceans 

(Fig. 29-14B). These are caught with muscular lobes around 

the buccal siphon. The pharynx is small and glandular and 

has only a few gill slits. 

Some tropical members of the colonial family Didemnidae 

have symbiotic algae in their tunics and atrial linings. One of 

these symbionts, Prochloron, is found only in ascidians. Struc- 

turally, Prochloron is a prokaryote, but its photosynthetic pigments 

are typical of eukaryotic green algae. These same ascidians also 

may have cyanobacterial symbionts embedded in the tunic. 

Excess photosynthate produced by the symbionts is assumed to 
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FIGURE 29-20 Tunicata: adaptive water pumping and body orien- 

tation in ascidians. A, Water pumping by the tropical Ascidia nigra. 

A powerful flow from the atrial siphon carries wastewater beyond the 

zone of water intake by the buccal siphon. B, Recently metamorphosed 

juveniles of Styela montereyensis may settle with their siphons oriented 

randomly in a bidirectional water current (arrows), but through 

differential mortality, those remaining have siphons oriented in the 

plane of the current, which enhances water flow through the animai. 

C, Movement and light adaptation in the tropical compound ascidian 

Didemnum molle. This species harbors the photosynthetic symbiont 

Prochloron. Larvae settle and transparent juvenile colonies develop 

on the shaded undersides of coral rubble, but as the colony grows 

it migrates slowly over the substratum into the fully lighted waters 

on the surface of the rock. This migration, which may take a month 

or more to complete, coincides with the development in the ascidian 

of masking pigments and calcareous spicules. These presumably filter 

the sunlight and control the intensity of light falling on the symbiotic 

algae. (A, Redrawn from. Berrill, N. J. 1950. The Tunicata. Quaritch, Ltd. 

London. 354 pp.; B, Modified and redrawn from Young, C. M., and 

Braithwaite, L. F. 1980. Orientation and current-induced flow in the stalked 

ascidian Styela montereyensis. Biol. Bull. 159:428-440; C, Redraion after 

Olson, R. R. 1983. Ascidian-Prochloron symbiosis: The role of larval 

photoadaptations in midday larval release and settlement. Biol. Bull. 

165:221-240.) 

be used by the tunicate as an auxiliary food source. At least one 

Didemnum species migrates over the substratum as it grows, per- 

haps to optimize the light intensity for photosynthesis by its 

Prochloron symbionts (Fig. 29-20C). 

Internal Transport and Gas Exchange 
Ascidians have a well-developed hemal system that includes a 

heart, vessels, and small sinuses through which blood flows in 

a definite circuit. The blood has a rich diversity of hemocytes, 

but lacks a respiratory pigment. 

The heart is a short, curved, or U-shaped cylinder at the 

base of the digestive loop (Fig. 29-15A, 29-21 A). On close 

examination, it consists of a cylinder with its outer wall folded 

inward along its length to form a tube within a tube (Fig. 

29-2IB). The outer tube is the fluid-filled pericardial cavity 

and the inner tube encloses the blood-filled heart lumen. The 

wall of the heart lumen (the inner tube), formed by the mus- 

cular invaginated wall of the pericardium, is the myocardium; 

the wall of the outer tube is the pericardium. The contractile 

filaments of the myocardium are arranged in two crossed 

helixes with an angle of 60° between them. Their action 

causes the heart to contract in a twisting, wringing motion that 

passes from one end of the heart to the other, pushing the 

blood forward and preventing backflow. 

The blood vessels lack endothelia and are simple channels 

in connective tissue. Although the blood is frequently pig- 

mented—often pale green — none of the pigments is respira- 

tory in nature, and gases are transported in the plasma. The 

large surface area of the pharynx, the large volume of water 

pumped, and low metabolic activity all probably account for the 

absence of a respiratory protein. The hemocytes have a variety 

of other functions, however, including tunic synthesis, internal 

defense, and even defense against predators and competitors. 

The blood circuit is not clearly established for any ascidian, 

but the placement of major vessels and the flow pattern 

through the pharynx are well understood. From the anterior 

end of the heart, blood enters a large ventral aorta (endostylar 

vessel) that lies below the endostyle and pharynx (Fig. 29-21 A, 

29-15B,C). The ventral aorta supplies blood to the gill capillar- 

ies of the pharynx (Fig. 29-15C). The capillaries join a mid- 

dorsal vessel, the dorsal aorta, diat carries blood posteriorly to 

the gut and other viscera (Fig. 29-15B). Vessels from these 

viscera eventually return blood to the heart. In ascidians with 

a tunic circulation, such as Ciona and Ascidia, the tunic vessels 

originate at both ends of the heart (Fig. 29-21A). 

There is growing evidence in tunicates (based largely on 

thaliacean anatomy) that the organs and tissues — gut, gonads, 

pharynx, and parts of the nervous system — are arranged in 

series, rather than in parallel, along the blood circuit (Fig. 

29-21D,E). This unusual arrangement may explain the peri- 

odic reversal of blood flow, known elsewhere only in some 

arthropods. In general, heartbeat reversal occurs every few 

minutes when the heartbeat briefly stops and then resumes in 

the opposite direction. Because the body tissues supplied by 

blood are arranged in a series, one after another, those first in 
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FIGURE 29-21 Tunicata: ascidian hemal 
system. A, The heart and major vessels of 
Ciona. B, Section of the heart wall from A. 

C, Immature and mature vanadocytes 
(morula cells) from Ascidia. D and E, Diagram 
of presumed series arrangement of organs in 
the blood circuit in forward (D) and reverse 
(E) blood flow. Shaded arrows show the 
depletion of blood-borne substances as 
blood flows through the circuit. Reversal of 
blood flow may be a means of averaging the 
distribution of substances such as oxygen 
and nutrients to the organs and tissues. 
(A, Modified and redrawn from Berrill, N. J. 1936. 

Studies in tunicate development. Part VI— The 

evolution and classification of ascidians. 

Phil. Trans. Roy. Soc. Lond. B 226:43-70; 

B, Modified and redrawn from Oliphant, L. W., 

and Cloney, R. A. 1972. The ascidian 

myocardium: Sarcoplasmic reticulum and 

excitation-contraction coupling. Z. Zellforsch. 

129:395-412; C, Drawn from an electron 

micrograph in Pine, B. J. S., and Bell, M. V. 1984. 

The localization of inorganic elements, particularly 

vanadium and sulfur, in haemolymph from the 

ascidians Ascidia mentula (Muller) and 

Ascidiella aspersa (Muller). J. Exp. Mar. Biol. 

Ecol. 74:187-194; D andE, Based on a 

discussion of thaliacean circulatory system in 

Heron, A. C. 1975. Advantages of heart reversal in 

pelagic tunicates. J. Mar. Biol. Assoc. U.K. 

55:959- 963, and unpublished data ofL. Corley.) 

line access a high concentration of blood-borne nutrients and 

oxygen, whereas those last in line receive a lower concentra- 

tion of these substances. But when the heartbeat and blood 

flow reverse, tissues formerly at the end of the line are now at 

the beginning, where they can receive substances in high 

concentration. Thus, periodic heartbeat reversal may be an 

adaptation for averaging the supply of metabolites to tissues 

(Fig. 9-15B, 29-21D,E). 

Heartbeat is myogenic and pacemakers at each end of the 

heart alternate in dominance and initiate the opposite direc- 

tions of beat. Pacemaker fatigue or rising back pressure may 

generate the stimulus for beat reversal. 

The blood of tunicates contains several kinds of hemocytes 

that can be grouped into three categories: totipotent lympho- 

cytes (hemoblasts), which form in the connective tissue and 

give rise to all other types of cells; amebocytes, including phago- 

cytic macrophages; and vacuolated cells, including morula cells 

and nephrocytes (discussed under Excretion). 

Morula cells concentrate heavy metals in intracellular clust- 

ers of vesicles (Fig. 29-21C). Members of Pyuridae concentrate 

iron, others concentrate niobium or tantalum, and species of 

Ascidiidae and Perophoridae accumulate and store high con- 

centrations of vanadium in their yellowish green morula cells, 

then called vanadocytes. The concentration of vanadium in sea- 

water is approximately 5 X 10_<s M, whereas in vanadocytes it 

reaches 1 M (a 100 millionfold increase in vanadium concentra- 

tion). The only other organism known to concentrate vanadium 

above the very low levels found in animals in general is the death 

cap mushroom, Amanita muscaria. 

Vanadium itself is a potent inhibitor of many enzymes, 

including those responsible for the sodium-potassium pump, 

ciliary motility, and muscular contraction. It is also a powerful 

reducing agent. In ascidians, vanadium occurs in the +3 oxi- 

dation state, which is stable only at a pH of less than 2, and 

concentrated sulfuric acid is found in the cellular vesicles con- 

taining vanadium. Typically in ascidians, the vanadocytes enter 

the tunic from the blood and may align themselves immedi- 

ately below the outer tunic surface, where they are sometimes 

called bladder cells (Fig. 29-18). The vanadocytes eventually 

disintegrate in the tunic, releasing their contents, or if the 

tunic is damaged by some external agency, vanadium and 

sulfuric acid are discharged to the exterior. 
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Vanadium in tunicates appears to have at least two func- 

tions. The reducing power of vanadium (and iron) is used in 

the polymerization of tunicin filaments, and hence in tunic 

synthesis. Second, it has been suggested that the toxicity of 

vanadium and the unpalatability of sulfuric acid may be used 

to discourage predation on tunicates and to prevent fouling of 

the tunic by the attachment and growth of other organisms. 

Excretion 
Unique among deuterostomes, the tunicates, including ascidi- 

ans, lack conventional nephridia. Most lack excretory organs 

entirely and probably rely instead on the diffusion of ammo- 

nia across the pharynx and other tissues to dispose of nitroge- 

nous wastes. Other metabolic byproducts, however, such as 

uric acid and calcium oxalate (urates) are stored internally 

and released only at the death of the zooid. This phenomenon 

is known as storage excretion. These urates may be stored in 

nephrocytes, which then accumulate in various tissues of the 

body, including the body wall, digestive loop, or gonads. 

Urates may also be secreted by epithelia into extracellular 

compartments such as the pericardial cavity (as in Ascidia; Fig. 

29-22A) or two specialized structures. 

One of these specialized excretory structures is the epi- 
cardium, which occurs in many aplousobranchs and a few 

phlebobranchs (Ciona). It consists of one (sometimes two) 

long, blind-ended pharyngeal diverticulum that extends 

posteriorly and lies beside the heart. Urate crystals, presum- 

ably secreted by the epicardial walls, accumulate in the 

epicardium, which remains open to the pharyngeal cavity 

(Fig. 29-22B). 

In the stolidobranch Molgula, a specialization of the epi- 

cardium called a renal sac is located on the anterior (upper) 

surface of the heart (Fig. 29-22C). It is a closed, bean-shaped 

sac that lacks any opening to the exterior or interior. Urates 

are secreted into the sac, where they form a conspicuous 

whitish or yellowish mass. 

A unicellular fungus called nephromyces occurs in the 

renal sacs of molgulids and in the pericardium of Ascidia. The 

nephromyces, in turn, harbors bacterial symbionts. The func- 

tional role of nephromyces is uncertain, but it has been sug- 

gested that they, perhaps in collaboration with their bacteria, 

may break down the stored urates. 

Nervous System 
Adult ascidians lack a dorsal hollow nerve cord and the CNS 

thus departs from the chordate ground plan. Modified rem- 

nants of the neural tube are the hollow cerebral ganglion 

(brain) and a hollow organ called the neural gland. 

** Urates 

FIGURE 29-22 Tunicata: storage excretion in ascidians. A, In Ascidia, crystallized excretory wastes (urates) 

are stored in the pericardial cavity in association with a symbiotic fungus called Nephromyces. B, In some 

aplousobranchs, this storage function is adopted by one or two diverticula of the pharynx called epicardia, the 
lining of which secretes the urates into the epicardial cavity. The epicardial cavity remains open to the pharynx 

in aplousobranchs, but in the stolidobranch Molgula (C) and its relatives, the epicardium pinches free of the 

pharynx during development and becomes a closed renal sac. The renal sac contains urates and Nephromyces, 

which may help to break down the stored urate crystals. 
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The cerebral ganglion is a hollow cylindrical or spherical 

“brain” located in the connective tissue between the two 

siphons (Fig. 29-15A, 29-23). The nerves arising from the 

anterior end of the ganglion supply the buccal siphon and 

musculature; those from the posterior end innervate the 

greater part of the body—the atrial siphon, body-wall mus- 

culature, pharynx (in which they control ciliary arrest), and 

visceral organs. 

In some, perhaps all, colonial ascidians, the tunic vessels 

propagate nerve impulses and are responsible for initiating ves- 

sel contraction and coordinated retraction of the zooids. These 

blood vessels are uniquely lined with epidermis (Fig. 29-18), 

which lacks neurons but nevertheless conducts impulses along 

the epithelium. It has been suggested that tunicate epithelial 

tissue in general, like the heart in particular, may have rhyth- 

mic electrical activity and conductive ability. 

Beneath the cerebral ganglion lies a hollow, blind sac 

called the neural gland (Fig. 29-15A, 29-23), which, like the 

cerebral ganglion, originates from the embryonic neural tube. 

Contrary to its name, nerves are absent from the neural gland, 

and the presence of gland cells is questionable. A ciliated 

duct, also a neural tube remnant, extends from the anterior 

end of the neural gland and opens into the pharynx. This 

opening, a modified neuropore, is a large, often complexly 

coiled, ciliated funnel called the dorsal tubercle. Cilia in the 

duct create an incurrent flow of water that enters the gland, 

crosses its wall, and enters the branchial blood vessels. Cilia on 

the dorsal tubercle prevent large particles, such as sand grains, 

from entering the duct, while phagocytes lining the gland 

remove bacteria and other small particulates from the water. 

The dorsal tubercle, ciliated duct, and neural gland together 

function to restore and maintain the fluid volume of the 

blood, and are thus functionally similar to the madreporite, 

stone canal, and Tiedemann’s bodies of some echinoderms. It 

has long been speculated that the neural gland, like 

Hatschek’s pit in lancelets, is an evolutionary precursor of the 

vertebrate anterior pituitary gland, and there are reports of 

pituitary-like hormones in neural gland tissue. 

Sensory organs are absent in adult ascidians, but sensory 

cells are abundant on the internal and external surfaces of the 

siphons, on the buccal tentacles, and in the atrium. These 

most likely play a role in controlling the current of water pass- 

ing through the pharynx. 

Reproduction and Development 
With few exceptions, tunicates are hermaphroditic and cross- 

fertilization is typical, but a few species self-fertilize. Either 

a single testis and ovary (sometimes combined into an 

ovotestis) are located in the gut loop (Fig. 29-15A) or one to 

many gonads are located in the connective tissue of the body 

wall. The separate oviduct and sperm duct run parallel to the 

intestine and open into the atrium near the anus. 

Solitary ascidians are oviparous and typically have small 

eggs with relatively little yolk. Eggs are shed from the atrial 

siphon and fertilization takes place in the sea. Often, the eggs 

are surrounded by special membranes that aid in buoyancy. 

Most colonial species are viviparous with yolky eggs and, like 

solitary species, lecithotrophic development. In a few vivipa- 

rous species, however, the zooid supplies nutrition to the 

embryo and thus development is matrotrophic. The eggs are 

gestated in the oviduct or in specialized pockets in the atrium. 

Viviparous species release tadpole larvae. 

Cleavage is holoblastic and bilateral and, unlike primitive 

deuterostomes, development is highly determinate (Fig. 9-22C). 

The coeloblastula gastrulates by epiboly as well as invagination 

and a large archenteron obliterates the blastocoel. The blasto- 

pore marks the posterior end of the embryo and closes as the 

embryo elongates along the anteroposterior axis. Mid-dorsally, 

the archenteron gives rise to the notochord (Fig. 29-24B, 

29-25A). Laterally, the archenteron proliferates a solid band of 

mesodermal cells along each side of the body. The mesodermal 

bands neither arise by enterocoely nor later develop coelomic 

cavities. In this respect, ascidian (and tunicate) development 

departs from that of other deuterostomes. There is also no hint 

of mesodermal segmentation. The ectoderm along the mid- 

dorsal line differentiates as a neural plate, sinks inward, and 

rolls upward to form the neural tube. Later development leads 

to a lecithotrophic tadpole larva, described below (Fig. 29-24, 

29-25). Because it is lecithotrophic, its larval life is short, usually 
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FIGURE 29-23 Tunicata: ascidian neural gland 

and volume regulation. The neural gland and its 

associated dorsal tubercle (the ciliated funnel) and 

ciliated duct pump seawater into the blood and thus 

help to regulate the fluid volume of the blood. The 

dorsal tubercle excludes large particles from the 

incurrent and the gland removes small particles by 

phagocytosis. (Modified and redrawn from Ruppert, E. E. 

1990. Structure, ultrastructure, and function of the neural 

gland complex o/Ascidia interrupta (Chordata, 

Ascidiacea): Clarification of hypotheses regarding the 

evolution of the vertebrate anterior pituitary. Acta Zool. 

71:135-149.) 
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FIGURE 29-24 Tunicata: generalized ascidian tadpole. A, Left lateral view of the body emphasizing 

the anatomy of the prefabricated juvenile rudiment. The "axial complex" is the nerve cord and notochord. 

B, Cross section of the tail. The endodermal rudiment is a solid strand of endodermal cells, perhaps the 

evolutionary vestige of a once-functional gut. (A, Modified and redrawn from a laboratory handout of 

Richard A. Cloney.) 
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FIGURE 29-25 Tunicata: metamorphosis of the ascidian tadpole. A, Diagrammatic lateral view of an ascidian 
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not more that 36 h and sometimes as brief as a few minutes. 

During that period of time, the larva must find a suitable sub- 

stratum for attachment and metamorphosis. 

Tadpole Larva and Metamorphosis 
Unlike the adult, the tadpole larva expresses all the key chor- 

date traits, but it differs from the ancestral chordate in that it 

does not feed. In the absence of feeding, the larval gut and 

associated structures are nonfunctional and undifferentiated, 

or differentiated precociously to form structures that will func- 

tion only in the juvenile and adult after metamorphosis. Thus 

the ascidian tadpole anatomy has a dual nature: a locomotory 

larval body that reflects a chordate ancestry and a prefabri- 

cated juvenile rudiment unique to ascidians. 

The tadpole body is divided into a visceral trunk and loco- 

motory tail (Fig. 29-24). These regions, however, may not 

correspond to the regions of the same name in cephalochor- 

dates and vertebrates. The trunk bears the cerebral vesicle 

and viscera and is chiefly a prefabricated juvenile zooid. The 

propulsive tail, which disappears during metamorphosis, con- 

tains the swimming musculature, notochord, dorsal neural 

tube,‘’and an endodermal rudiment (Fig. 29-24). The noto- 

chord is a hollow tube, and its cellular sheath encloses a fluid- 

filled extracellular cavity. The tail has continuous dorsal and 

ventral fins that arise as folds of the larval tunic. Curiously, 

the tail of some colonial ascidians rotates 90° to the left 

during development, and thus the fins are horizontal rather 

than vertical in position (as in appendicularians, discussed 

later). The larval cerebral vesicle, which later gives rise to the 

adult cerebral ganglion, contains an ocellus and a statocyst, 

both within the dilated anterior end of the neural tube. The 

siphons, pharynx, and digestive system resemble those of the 

postmetamorphic juvenile, but are nonfunctional. Neither 

the buccal nor the atrial siphon opens to the exterior because 

they are covered by the larval cuticle (Fig. 29-24A). The endo- 

dermal rudiment in the tail is a solid band of endodermal 

cells located where one would expect to find a functional 

larval gut, if the tadpole had one (Fig. 29-24). 

At the close of the free-swimming stage, the larva settles to 

the bottom and attaches with three anterior adhesive papillae 

(Fig. 29-24A). A radical metamorphosis ensues, during which 

the notochord loses its turgor and the tail is retracted and 

absorbed (Fig. 29-25). Tail retraction results in the loss of the 

notochord, dorsal hollow nerve cord, swimming musculature, 

and endodermal rudiment. As a result of rapid growth of the 

region between the adhesive papillae and buccal siphon, the 

body rotates 90°. This rotation positions the siphons upwards, 

away from the substratum. The atrium expands to enclose the 

anus and the pharynx. The number of gill slits rapidly 

increases. The siphons open to the exterior as the larval cuti- 

cle is molted, and the juvenile begins to feed. 

Budding 
Modular growth in colonial ascidians occurs by budding, but 

the site of bud formation differs among taxa. In general, the 

zooid that develops from a metamorphosed tadpole is called 

an oozooid and subsequent buds are known as blastozooids. 

The oozooid rarely, if ever, becomes sexually mature; sexual 

reproduction occurs in the blastozooids. 

Stolonate species, such as Perophora, bud blastozooids from 

the stolon. In other taxa, the buds can arise from the 

abdomen, postabdomen, or even precociously in the larval 

stage, as in species of Diplosoma (= two bodies), in which the 

larval trunk houses two prefabricated zooids. 

Diversity of Ascidiacea 
Ascidian diversity manifests itself most obviously in solitary and 

colonial body forms and in patterns of modular growth. But 

this diversity has little value in systematics because coloniality 

apparently has evolved independently on several occasions. 

The taxonomically useful traits are all internal. Most important 

are the anatomical position of the gonads and the structure of 

the pharynx, as well as larval characters. Variations in pharynx 

structure include the number and form of gill slits and the 

degree of folding and vascularization of the pharyngeal wall 

(Fig. 29-26). Since these are characteristics that increase the 

pharyngeal area for food capture and gas exchange, they are 

correlated with body size. 

Enterogona0: Gonads located in or beside gut loop; neural 

gland is below cerebral ganglion. 

Aplousobranchias° (= simple gills); Colonial, primarily 

compound species. Epicardia and sometimes a postab- 

domen are present. Clavelina (light bulb tunicates; Fig. 

29-12B) zooids are not compound, but inteijoined at bases. 

Zooids are tiny (except Clavelina). Pharynx lining is more 

or less flat, but transverse blood vessels protrude and help 

support the mucous feeding net (Fig. 29-26A). The few gill 

slits usually are oval, arranged in transverse rows. Tadpole 

tail is horizontal, rotated 90°. Juvenile rudiment is well 

differentiated in the tadpole. Aplidium (Fig. 29-12A; A. stel- 

latum [sea pork]), Didemnum (paint-splash tunicate), Diplo- 

soma (frog-egg tunicate), Distaplia (D. bermudensis [color 

wheel tunicate]), Eudistoma (Fig. 29-13; E. hepaticum [sea 

liver]), among others. 

Phlebobranchias° (= veined gills): Colonial or solitary, 

with or without an epicardium, lack a postabdomen. Lining 

of phlebobranch pharynx is either flat or undulating. 

Numerous raised papillae that protrude from the trans- 

verse pharyngeal vessels help to support the mucous feed- 

ing net and may improve water flow through it. In some 

taxa, papillae fuse in longitudinal rows to form longitudinal 

blood vessels that bulge above the pharyngeal lining like 

varicose veins (Fig. 29-26B). Number of gill slits ranges 

from few to hundreds. Tadpole tail is vertical, except in 

Perophoridae, which have a horizontal tail rotated 90°. 

Solitary forms include Ascidia (Fig. 29-12D), the well-known 

Ciona intestinalis of Europe and cold North American 

waters, the tropical Phallusia. Colonial forms include Dia- 

zona, Ecteinascidia, Perophora (Fig. 29-12C; P viridis [honey- 

suckle tunicate]). 

Pleurogona0: Gonad, or gonads, situated on inner surface 

of body wall. Epicardium is absent, except as a specialized 

renal sac in Molgulidae (Fig. 29-22C). 

Stolidobranchias0 (= robed gills): Solitary or colonial. 

Pharyngeal lining is highly pleated with both transverse and 

longitudinal vessels (Fig. 29-26C,D). Gill-slit number varies 

with body size. Molgulidae has renal sacs and numerous 

spiral gill slits (Fig. 29-26D). Tadpole has a vertical tail and 



952 Chapter 29 Chordata1' 

Movement of Transverse Longitudinal 

FIGURE 29-26 Tunicata: pharyngeal lining in relation to body size and systematics. The ascidian pharynx 
exhibits a size- and taxon-related trend to increase the area of its lining, gill slits, and blood vessels. A, The 
planar linings of aplousobranchs, such as Aplidium and Eudistoma, have only transverse vessels. B, Those of some 
phlebobranchs, for example Ciona, have both transverse and longitudinal vessels. The new longitudinal vessels 
not only increase the blood supply to the pharynx but also support and transport the mucous net across the 
lining. C and D, In stolidobranchs, both transverse and longitudinal vessels are present and the pharyngeal lining 
is pleated to increase its area. D, In molgulids, the gill slits are coiled. (Modified and redrawn from Kott, P 1989. 
Farm and function in the Ascidiacea. Bull. Mar. Sci. 45:253-276.) 

an undifferentiated juvenile rudiment. Common solitary 

forms are Hcilocynthia roretzi (aJapanese edible ascidian), Mol- 

gula (sea grapes; Fig. 29-12G), Pyura, Styela (Fig. 29-12F). 

Gasterascidict, Hexacrobylus, and Octonemus (Fig. 29-14B) are 

solitary deep-sea carnivores. Compound forms include color- 

ful Botryllus (Fig. 29-16A), Botrylloides, and Symplegma (Fig. 

29-12E). 

THALIACEAc 

The other two tunicate taxa, Thaliacea and Appendicularia, 

are both specialized for a free-swimming, planktonic exis- 

tence. Thaliacean zooids, which include the luminescent pyro- 

somes, barrel-shaped doliolids, and chainlike salps, differ from 

most ascidians in having the buccal and atrial siphons at oppo- 

site ends of the body. The water current is thus used not only 

for feeding and gas exchange, but in most also for jet propul- 

sion. Like many other planktonic animals, thaliaceans are 

transparent. The tunic, which may be thin or thick, and the 

connective tissue are gelatinous and buoyant. Like ascidians, 

thaliaceans are mucous-net filter feeders that remove large 

quantities of minute suspended material from seawater. They 

may occur in enormous numbers over large areas of the sea, 

but most species occur in warm water. The approximately 

75 species of thaliaceans are divided into three taxa, Pyroso- 

mida, Doliolida, and Salpida. 

Pyrosomida0 

The 10 species of tropical pyrosomes are brilliantly luminescent 

colonies in the form of a hollow tube closed at one end (Fig. 

29-27A,B). The colony length ranges from a few centimeters 

(as in Pyrosoma atlanticum) to over 20 m (as in Pyrostremma 

spinosum). The zooids are embedded in the wall (common 

tunic) of the tube, similar to the zooids of a compound ascidian. 

The buccal siphon of each zooid opens at the outer surface of 

the colony and the atrial siphon discharges into the hollow inte- 

rior, or common cloaca (Fig. 29-27C). The exhaust of water 

from the cloaca provides thrust and moves the colony through 

the water (Fig. 29-27B). The diameter of the cloaca and cloacal 

aperture in P spinosum can reach 2 m, large enough for a diver 

to swim inside the colony. Pharyngeal cilia produce both the 

feeding and locomotory currents. The pharynx has several gill 

slits and both transverse and longitudinal blood vessels. Two 

luminescent organs, one on each side of the pharynx, contain 

bioluminescent bacteria and are responsible for producing an 

intense light when the colony is disturbed (Fig. 29-27C). 

Pyrosome colonies grow by adding new zooids, which origi- 

nate as buds from an epicardial sac near the posterior end 

of the endostyle of the parent zooids (Fig. 29-27C). Sexual 

reproduction begins when the single egg in each zooid is 

fertilized internally. Development is internal, direct, and con- 

densed. A tadpole larva is absent. The rudimentary oozooid 

(cyathozooid) undergoes precocious budding to form four 

blastozooids — the first four colonial zooids (Fig. 29-27E). 

The oozooid soon degenerates, except for its atrial siphon, 

which is retained by the growing colony as its exhaust aperture 

(Fig. 29-27F). 

Doliolida0 

The 23 species of doliolids have barrel-shaped zooids ranging 

in size from 1 to 50 mm (Fig. 29-28). The body-wall muscles 

are eight or nine hooplike bands around the circumference of 

the body. Contraction of these cross-striated muscles results in 

a jet thrust from the atrial siphon. Backflow through the buc- 

cal siphon, at the opposite end of the body, is prevented by a 

one-way valve. Although this muscular pumping is responsible 

for locomotion, the filter-feeding current is generated by gill- 

slit cilia, as it is in ascidians and pyrosomes. 

The doliolid life cycle is the most complex of any free-living 

animal. It includes clonal (asexual) and sexual phases, solitary 
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FIGURE 29-27 Tunicata: Pyrosomida. A, Adult colony of Pyrosoma atlanticum. B, Longitudinal section of 
A showing zooids, the common cloaca, and the exhaust aperture. Arrows indicate the path of water flow 
through the colony. C, Enlargement of one zooid from B. D, Spawned gametes. E, Lecithotrophic oozooid 
(cyathozooid) and its four precocious buds (blastozooids). F, Young colony composed of four zooids. 

and colonial forms, and even a tadpole larva. The asexual 

phase enables an individual to increase its numbers rapidly in 

response to temporarily favorable conditions in the water. 

The doliolid oozooid has nine muscle bands and a trailing 

tail-like appendage called a spur. A stolon grows out from an 

epicardial sac near the posterior end of the oozooid’s 

endostyle and produces buds (blastozooids). Before the buds 

differentiate, however, they break free of the stolon, migrate 

over the surface of the oozooid, and insert on the spur (Fig. 

29-28A). Once the buds have attached to the oozooid’s spur, 

the oozooid is called a nurse. The attached blastozooid buds 

differentiate into one of three different kinds of zooids. 

Trophozooids have an enormous mouth and pharynx and are 

responsible for feeding the colony (the digestive system of the 

nurse degenerates; Fig. 29-28E). Phorozooids are locomo- 

tory zooids with eight muscle bands. They have their own 

short spur with buds that differentiate into gonozooids, the 

sexually reproducing members of the colony (Fig. 29-28B,C). 

When fully developed, the phorozooids and their attached 

gonozooids break free of the nurse’s spur and adopt an inde- 

pendent existence (Fig. 29-28B). Fertilization is internal and 

development in the viviparous gonozooid is lecithotrophic. 

A single tadpole larva is released into the plankton from 

each gonozooid (Fig. 29-28C,D). The swimming tadpole has 

a muscular tail with a notochord, but a neural tube is absent 

and muscle contractions are myogenic. Metamorphosis of the 

tadpole gives rise to the oozooid and completes the cycle. 

Salpida0 

The 40-some species of salps have prism-shaped zooids with 

hooplike muscles, like doliolids, but some adjacent muscle 

bands are partly fused (Fig. 29-29). The zooids range in size 

from a few millimeters to 4 cm (as in Salpa fusiformis). The mus- 

cle bands of salps pump water for jet propulsion and, uniquely, 

also for biter feeding. The salp pharynx is peculiar in having 

only a single mid-dorsal gill bar and no side walls (Fig. 29-29A). 

The gill bar runs obliquely from dorsal to ventral and separates 

the pharynx from the atrium. They feed using an endostylar 

mucous net, but the net is rolled up and passed into the esoph- 

agus by esophageal cilia and cilia on the gill bar, which, func- 

tionally, is a dorsal lamina. They are found in the upper levels 

of all oceans but are more common in warmer seas. 

Salps, like doliolids, alternate clonal and sexual genera- 

tions. The salp oozooid produces a long stolon (up to several 

meters) that trails ventrally from the body (Fig. 29-29A). 

Along the stolon, blastozooid buds differentiate in groups 

separated from each other by division planes called deploying 
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nurse herself developed from a fertilized egg and subsequent tadpole larva (D), but the other members of the 

colony arose by budding from the nurse's stolon. The undifferentiated buds migrate from the stolon of the nurse 

and then lodge in her trailing spur, which may reach 50 cm or more in length. Once attached to the spur, the 

buds differentiate into trophozooids (E), which are specialized for feeding the colony (the nurse's digestive 

system degenerates), or phorozooids (B), which eventually break free of the spur and jet away under their own 

power. Buds attached to the phorozooids differentiate into the sexually reproductive gonozooids (C). 

Fertilization is probably internal in the gonozooids, but a free-swimming tadpole (D) is released to 

metamorphose into a young nurse in the plankton, thus completing the life cycle. 
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FIGURE 29-29 Tunicata: Salpida. Salp organization and life 

cycle. A, An oozooid of Cyclosalpa trailing its stolon of 

differentiating buds and blastozooids. The stolon breaks at 

predetermined points and deploys clusters, or chains, of 

blastozooids, which swim away from the oozooid and other 

members of the parent colony. Each blastozooid (B) bears 

a single egg that is fertilized internally and develops in a 

special brood sac, complete with a placental connection to 

the circulatory system of the blastozooid. The growing embryo 

eventually occupies the entire volume of the blastozooid- 

nurse's body (C) and then breaks free as a young oozooid, thus 

completing the life cycle. 
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points (Fig. 29-29A). Deployment liberates a group of blasto- 

zooids, now called a chain. Sexual reproduction occurs in the 

blastozooid. The blastozooids are viviparous and embryonic 

nutrition is matrotrophic. A single egg is fertilized internally 

and develops directly within a special pouch provided with a 

placental attachment to the parent’s blood (Fig. 29-29B). The 

juvenile oozooid grows within the parent (nurse) and eventu- 

ally occupies its entire body before casting off the nurse’s hull 

and becoming an independent oozooid (Fig. 29-29C). 

APPENDICULARIAc (LARVACEA) 
Most of the 70 species of Appendicularia are tiny filter-feeding 

tadpoles that abound in the surface and midwater plankton of 

the world’s oceans. Under ideal conditions, their numbers 

may be astronomical: 25,620 individuals of Oikopleura dioica 

per cubic meter of water were reported from British Colum- 

bia. The name Appendicularia refers to their tail, which per- 

sists throughout the life of the animal. The alternative name, 

Larvacea, indicates their resemblance to the tadpole larva of 

ascidians (Fig. 29-30). Appendicularians are the only tunicates 

to have all the key chordate characteristics as adults. 

Appendicularians resemble ascidian larvae in size as well as 

form (Fig. 29-30). Most adults are only a few millimeters in 

length, but the giant, cosmopolitan, midwater species Bathochor- 

daeus charon and B. stygius reach 80 to 90 mm. The tail has dorsal 

and ventral fins, but because the entire structure is rotated 90° 

to the left, the fins are horizontal and the tail undulates 

in the vertical plane, as it does in some ascidian larvae. The root 

of the appendicularian tail, however, is shifted ventrally below 

the trunk. Often, as in Oikopleura, the tail is flexed anteriorly and 

projects forward in front of the mouth. Appendicularian fins are 

folds of epidermis, not outgrowths of the tunic, as in ascidian 

tadpoles. In fact, appendicularians lack a cellulose tunic. The 

mouth is located at the anterior tip of the body, and the ventral 

anus opens direcdy to the outside. The pharynx bears only two 

circular gill slits (spiracles), one on each side, and each opens 

direcdy to the exterior. Siphons and atrium are absent. 

All appendicularians secrete a prefabricated mucous 

“house,” which they inflate by pumping it full of water with 

their tail (Fig. 29-31). Once inflated, the animal either 

attaches to the house with its mouth or occupies it with the 

entire body. Fritillaria attaches to the outside of the house, but 

species of Oikopleura, whose spherical or oval houses are the 

size of a pea or walnut, live within it. The giant Bathochordaeus 

builds houses that can reach 2 meters in diameter. 

The house is the primary filter in the filter-feeding process. 

By pumping water through the house with its tail, the animal 

can filter more water and trap more food than it could with its 

tiny pharynx alone (Fig. 29-31). The house is necessary to col- 

lect sufficient food to meet the animal’s energy demand. Feed- 

ing only with its pharynx may be analogous to drinking water 

through a capillary tube to quench your thirst. The concentra- 

tion of food in the house can be 900 times greater than that in 

the surrounding seawater. An appendicularian actually ingests 

a highly concentrated broth. 

The structure and function of the appendicularian house 

is best known for species of Oikopleura. The house contains 

a number of interconnecting passageways, two water inlets, 

and an unpaired outlet (Fig. 29-31B). Attached inside the 

house by its mouth, the undulating tail of the animal creates 

Left stomach lobe 

FIGURE 29-30 Tunicata: appendicularian anatomy. Lateral view of 
Oikopleura albicans. (From Alldredge, A. 1976. Appendicularians. Sci. Am. 

235:95-102.) 

a water flow through the house. The two inlets are covered 

by a mucous screen that excludes all but the finest plankton 
(=£ 0.1 to 8.0 pm, depending on the species). During its pas- 

sage through the house, the water is strained a second time 

through two very fine feeding filters that unite in a food- 

collecting tube to which the animal’s mouth is attached. The 

concentrated plankton is then transported to the mouth in 

a continuous stream resulting primarily from action of the 

ciliated gill slits. Food entering the pharynx is trapped on an 

endostyle-secreted mucous net. The net and food are gath- 

ered into a food cord and transported into the esophagus by 

a pair of peripharyngeal bands. Appendicularians feed pri- 

marily on fine phytoplankton and even colloidal particles that 

are unavailable to many other planktonic filter feeders. 

The house is shed periodically—no more than every 4 h 

in Oikopleura dioica—and replaced. House building occurs in 
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FIGURE 29-31 Tunicata: appendicularian house. A, Megalocercus in its house. B, Diagram of the house of 

Megalocercus. Long arrows indicate the path of the water flow; short arrows show the path of filtered particles. 

The oval represents the trunk of the animal. (B, From Alldredge, A. Appendicularians. 1976. Sci. Am. 235:95-102.) 

several stages. First, the house is secreted by a specialized 

epidermis, the oikoplast epithelium, which is composed of 

a variety of secretory cells. Remarkably, the characteristic 

mosaic pattern of these cells in the epithelium is related to the 

pattern of structures in the house, as if the epithelium was a 

template on which the house was cast. As soon as the old 

house is abandoned, the new house rudiment swells and cov- 

ers the oral end of the trunk like a muzzle. Then the animal 

enlarges its house slightly by nodding its trunk to and fro. This 

slight enlargement of the house allows the beating tail to slip 

in and complete the expansion. House inflation requires 

about 1 minute to complete. One animal can produce 4 to 16 

houses a day, depending on temperature and food availability, 

and up to 46 houses can be secreted during the life span of 

one individual. The discarded houses are a significant contri- 

bution to marine “snow” (suspended organic particulates that 

resemble snow) and is an important substrate for microbial 

decomposition and nutrient recycling in the sea. House pro- 

duction ceases at the time of spawning. 

Only sexual reproduction occurs in the Larvacea. All 

species are protandrous hermaphrodites, except O. dioica, 

which is gonochoric. Development is direct and rapid. At 

22°C, it takes only 7 h for O. dioica to develop from zygote to 

a feeding juvenile. Hatchlings (after 3 h) are enclosed in a 

simple cuticle and have a posterior tail. Later, the tail shifts to 

its ventral adult position. The hatchling body is composed of a 

small fixed number of cells (eutely). Growth occurs by cell 

enlargement rather than by cell division. 

PHYLOGENY OF CHORDATA  
One must marvel at the evolutionary plasticity of the chordate 

ground plan. Vertebrates aside, the invertebrate chordates 

alone are responsible for the spongelike ascidians, the pelagic 

thaliaceans, some of which resemble jet engines, the sleek bur- 

rowing lancelets, and surely the most delicate, elegant, and 

elaborate of all filter feeders, the house-building appendicu- 

larians. In the process of evolving this incredible range of 

functional designs, the invertebrate chordates have modified 

many of their ancestral chordate traits, or dispensed with 

them altogether. At the extreme, as represented by many 

ascidians and thaliaceans, the body has become little more 

than a giant pharynx. The impressive range of variation in 

chordate design, size, and life history presents a challenge to 

the evolutionary biologist who attempts to draw relationships 

among such dissimilar creatures. Fortunately, headway is being 

made thanks to a combination of new morphological and bio- 

molecular discoveries, but much new research is needed 

before a clear picture can emerge. 

At a general level, the phylogeny of Chordata is clear-cut 

and noncontroversial. Cephalochordata and Vertebrata are sis- 

ter taxa within Metameria, the segmented chordates (Fig. 

29-32). The sister taxon of Metameria is Tunicata (Urochor- 

data). Relationships within the Tunicata and the nature of the 

ancestral chordate, however, are a matter of spirited debate. 

One issue is the origin of the fishlike tadpole. From which 

nonchordate ancestor did it arise? And was its original form 

similar to that of an amphioxus, a vertebrate fish, an ascidian 

larva, or an appendicularian adult? Various evolutionary sce- 

narios claim that echinoderms, hemichordates, and even 

some protostome taxa are ancestral to the chordates. The dif- 

ferent models specify that the chordate ancestor resembled 

amphioxus, an ascidian tadpole, or an appendicularian. 

Outside the chordates themselves, no deuterostome larva or 

adult resembles a tadpole or fish, and only the hemichordates 

have gill slits and hints of other chordate characters. Recent 

morphological and biomolecular evidence indicates an alliance 

between hemichordates and chordates. For example, it has been 

shown that some enteropneusts suspension feed with their phar- 

ynx, and Pax 1/9 genes are expressed similarly during gill-slit 
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FIGURE 29-32 A chordate phylogeny. 1, Chordata: Notochord has 
Intracellular vacuoles, dorsal hollow nerve cord has an anterior 
neuropore. Pharynx has gill slits (a plesiomorphy) and an endostyle. Have 
a ventral heart and pericardial cavity, transverse (dorsoventral) branchial 
blood vessels; locomotory trunk and tail with cross-striated longitudinal 
musculature; the longitudinal gut extends posteriorly far into the trunk. 
The anus is ventral, there is a short postanal tail, fins are vertical. 
Plesiomorphies include monolayered epithelia, an atrium, paired coeloms, 
a mesothelium of epitheliomuscular cells, muscle cells innervated by 
diffusion of transmitters across the epidermal basal lamina (no motor 
fibers or end plates), a hemal system, blood vessels without endothelia, 
a metanephridial system, radial cleavage, enterocoely, and direct 
development. 2, Metameria: Segmentation (metamerism). 3, Cephalo- 
chordata: Muscular notochord extends into rostrum (anterior extremity), 
has myoglobin; staggered myomeres; cyrtopodocytes; and asymmetric 
planktotrophic larva. 4, Vertebrata: Have multilayered (stratified) 
epithelia; blood vessels have endothelia, hemoglobin-containing 
hemocytes. Many complex structures are derived from embryonic 
mesenchyme (neural crest, dermatome, sclerotome). Have a glomerular 
metanephridial system (kidneys). 5, Tunicata: Have a tunic, buccal 
tentacles, heartbeat reversal, a neural gland ventral to the cerebral 
ganglion, a pyloric gland. Nephridia and a coelom are absent. Body 

consists of a thorax only. Hermaphroditic; triradial larval adhesive papillae 
are noneversible; have a tubular notochord with an extracellular lumen; 
paired atrial invaginations later fuse. Have a vestigial ancestral gut 
(an endodermai rudiment), a novel juvenile rudiment with a U-shaped 
gut that differentiates during metamorphosis, gonads in the loop of the 
gut, bilateral cleavage, determinate development. 6, N. N.: Have 
longitudinal branchial blood vessels. 7, Stolidobranchia: Pharynx lining is 
pleated, have a neural gland dorsal to the cerebral ganglion, gonads in 
the body wall lateral to the pharynx, single atrial invagination during 
development. 8, N. N.: Have papillae associated with the longitudinal 
branchial vessels. 9, Phlebobranchia: No known autapomorphies. 
10, Thaliacea: Larvae are reduced, budding arises from epicardial sac at 
the posterior end of the endostyle. 11, N. N.: Tail is horizontal, rotated 90° 
to left. Juvenile rudiment differentiates precociously in the tadpole, three 
eversible larval papillae are aligned in the midsagittal plane (these three 
characters also apply to the phlebobranch Perophoridae). 12, Aplou- 
sobranchia: Zooid body is divided into two (includes also the phle- 
bobranch Diazonidae) or three regions. Gonad is in the abdomen or 
postabdomen. 13, Appendicularia: Constructs a mucous filter-feeding 
house. Exhibits the loss of the atrium, a sexually mature tadpole 
(pedomorphosis), and the loss of the ancestral adult. (Based on Stack and 
Turbeville, 2002, and other sources.) 

morphogenesis in both taxa. For these reasons, the enter- 

opneust-chordate link currently is attracting research attention. 

Perhaps the chordate ancestor resembled an adult enter- 

opneust. Like amphioxus, it was a burrowing suspension feeder, 

trapping food with its pharynx and gill slits supplemented by 

preoral structures (the proboscis and POCO in enteropneusts 

and the buccal cavity and wheel organ in amphioxi). But mucus- 

trapped food particles are transported dorsally in the chordate 

pharynx and ventrally in enteropneusts. The blood-flow direc- 

tion also is opposite in the two groups: anterior in the dorsal ves- 

sel of enteropneusts and posterior in the dorsal vessel (aorta) of 

amphioxi. These and other diametrically opposite features of 

enteropneusts and chordates, however, can be resolved by invert- 

ing the body of the chordate in relation to the enteropneust. 

A dorsoventral axis inversion in the evolution of 

chordates not only brings discrepant morphology into agree- 

ment, but also the localized expression of various genes dur- 

ing development (Fig. 29-33). At first glance, body inversion 

in chordate evolution may seem to be a fantastic concept, 

but recall that the normal feeding posture of both larval and 

adult cephalochordates is inverted—with the dorsal side 

down — so lancelets are, in fact, inverted (Fig. 29-4B). A care- 

ful examination of Figure 29-33A,B will also suggest possible 

evolutionary precursors of the chordate notochord, nerve 
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FIGURE 29-33 Dorsoventral axis inversion in chordate evolution. 
Compare the corresponding parts in the cross sections of the pharyngeal 
region of the enteropneust Balanoglossus aurantiacus (A) and the 
cephalochordate Branchiostoma virginiae (B). The enteropneust section is 
in a dorsal-side-up orientation, but the cephalochordate is inverted, with 
the dorsal side down (its natural orientation; see Fig. 29-4B). Arrows 
indicate the transport direction of food particles trapped in mucus on the 
pharyngeal lining. C and D, Generalized cross sections of a protostome 
arthropod (germ-band embryo); (C) and an inverted embryonic chordate 

(D) showing correspondences in the expression of various genes and 
proteins in relation to the dorsal and ventral sides of the two bodies. The 
biomolecules expressed dorsally in the protostome (C) are expressed 
ventrally in the deuterostome (D), whereas those expressed ventrally in 
the protostome (C) appear dorsally in the deuterostome (D). These data 
suggest that chordates are inverted with respect to nonchordates, 
including their nearest relatives, the hemichordates. (C and D, Modified 
and redrawn from Gerhart, J., and Kirschner, M. 1997. Cells, Embryos, and 
Evolution. Blackwell Science, Malden, MA. 642 pp.) 

cord, and endostyle. The dorsoventral axis inversion hypoth- 

esis, however, rejects a homology between the enteropneust 

stomochord-collar cord and the chordate notochord-nerve 

cord. The stomochord and collar cord probably are unique 

to enteropneusts. 

Most likely, the notochord evolved from a strip of gut wall, 

as it does developmentally in amphioxus. Internalization of 

the dorsal nerve cord, as occurs during chordate neurulation 

(Fig. 29-2), may have evolved to innervate a muscular noto- 

chord, as in amphioxus (Fig. 29-4E), or to provide a large 

surface on which to innervate the epitheliomuscular cells of 

the myomeres, also as indicated by amphioxus (Fig. 29-1B). 

The result of these changes to preexisting structures was the 

establishment of the tadpole or fishlike body form. 



Phylogeny of Chordata 959 

Once the tadpole body was established, the cephalo- 

chordates and vertebrates evolved segmentation, perhaps by 

expanding the genetic control of branchiomeric patterning 

to include the coelomic musculature. In contrast to the pro- 

gressive evolution of lancelets and vertebrates, the tunicates 

generally are typified by the loss of traits associated with the 

chordate ground plan (Fig. 29-34). These include the loss of 

filtration nephridia, the absence (except for remnants) of the 

gut and anus in the tail, the absence of a coelom, and the loss 

of the notochord and nerve cord in adult ascidians and thali- 

aceans. How can these absences be explained in the evolution- 

ary line to the tunicates? 

One hypothesis is that tunicates evolved, pedomorphically, 

from an early developmental stage, perhaps a lecithotrophic 

larva, of the chordate ancestor. Because lecithotrophic larvae 

feed only on yolk stored in their endodermal and mesodermal 

cells, the gut typically does not differentiate until late in larval 

life or during metamorphosis. If tunicates evolved from a larva 

with such an undifferentiated tissue rudiment, they may have 

been “free” to restructure that rudiment in a new form and 

a new location, namely outside of the tail. This localized tissue 

became ^the juvenile (oozooid) rudiment in the trunk of the 

ascidian tadpole (Fig. 29-34B). Differentiation of that rudiment 

into a novel adult anatomy coincides with the loss of larval traits 

(the tail, notochord, and so on) in the same manner as differen- 

tiation of a starfish from a juvenile rudiment coincides with the 

loss of its larval body. The same argument applies to nephridia 

and coeloms: most lecithotrophic larvae lack both. Thus a pedo- 

morphic origin of tunicates may explain their glaring departures 

from typical chordate and deuterostome design. 

Whereas ascidians and thaliaceans evolved a new adult 

body form, the appendicularians capitalized on the larval 

body. With their few body cells, rapid rate of development, 

and absence of metamorphosis, appendicularians seem to 

have evolved from an ancestral ascidian larva that dispensed 

with the adult stage and adopted a specialized form of filter 

feeding (the mucous house). Here again is another example 

of pedomorphosis (Fig. 29-34C). The common 90° left rota- 

tion of the tail in appendicularians and aplousobranch 

(except Clavelino) and perophorid ascidians suggests a sister- 

taxon relationship between aplousobranch ascidians and 

Appendicularia. The juvenile rudiment in larvae of these as- 

cidians undergoes precocious differentiation and thus a pedo- 

morphic descendant of such a larva would have a functional 

gut. Although tunicate phylogeny is imperfectly understood, 

as reference to Figure 29-32 will indicate, it seems likely that 
pedomorphosis has played a role in the origin of both the tu- 

nicates and one of its most distinctive taxa, Appendicularia. 

Ascidiacea is probably a paraphyletic taxon. Recent molecu- 

lar and morphological analyses indicate that Tunicata consists 

of three monophyletic taxa: Stolidobranchia, Phlebobranchia 

plus Thaliacea, and Aplousobranchia plus Appendicularia (Fig. 

29-32). If this hypothesis is supported by additional research, 

then the old Ascidiacea will lose its monophyletic status and be 

relegated to a primitive grade of organization that included a 

sessile benthic adult and a pelagic tadpole larva. 

Mouth 
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and neuropore   

Qut/ Notochord 

(endodermal 
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(Metamorphosis) 
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FIGURE 29-34 Chordate development and evolution. A, Devel- 

opmental stages of a hypothetical ancestral chordate resembling a 

lancelet (Cephalochordata). The first stage following the egg is 

a lecithotroph with undifferentiated endoderm. Later stages show the 
progressive differentiation of typical chordate traits, including a long, 

straight gut and filtration nephridia. B, Developmental stages of 

Ascidiacea. The first stage following the egg is a lecithotrophic tadpole 

larva with a precociously differentiated juvenile rudiment, as found 

in aplousobranch (and perophorid) ascidians. Because the larva is 

lecithotrophic and does not feed with a differentiated mouth and gut, 

its undifferentiated endoderm is "free" to adopt a new form, the 

unique U-shaped gut of the juvenile ascidian zooid. The endodermal 

rudiment may be a vestige of the ancestral straight gut. It does not 

differentiate and is lost later in development. C, Developmental stages 

of Appendicularia. The form and short developmental period of 
appendicularians suggests that they may have evolved pedomorphically 

from an aplousobranch-like tadpole with a horizontal fin, but before 

the atrial invaginations occurred. 
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Italicized page numbers refer to illustrations; page numbers followed by “t” refer to tables. Page numbers in boldface refer to 
definitions of terms boldfaced in text. 

A 
Abalone, 305-306, 307, 314, 338, 339 

oxygen assimilation by, 396 
Abbreviations, superscript, 4 
Abdomen, 518 
Abdominal nerves, 578 
Abdominal region, 943 
Abfrontal cilia, 286 
Abfrontal lamella 286 
Abfrontal margin, 286 
Aboral canal, 187 
Aboral organ, 184, 186, 187 
Aboral surface, 876 <% 
Acantharea, 52, 52 
Acanthobdellapeledina, 478-479, 480, 482, 

482 
Acanthocephala, 800-804, 800-801, 

803 
in classification schemata, 788, 803, 

804 
fluid transport in, 801-802 

Acanthochitonina, 298 
Acari, 590-592, 591-392, 594-595, 596, 

596 
feeding by, 592-594 

Acariformes, 595 
Acarinomorpha, 596, 596, 597 
Accessory heart, 733 
Aciculata, 426, 442-443, 445-448, 459, 

459 
Aciculum (acicula), 423 
Acineta, 39 
Acini, 381 
Acochlidiacea, 341 
Acoela, 227, 235, 235, 236, 236, 245-246 

250, 250 
body wall of, 228, 228 
connective tissue of, 234, 235 
development in, 246 
nervous system in, 233 
reproductive system in, 241, 241, 242, 

243, 243, 244 
statocyst of, 234 

Acoelomate, 206 
Acoelomorpha, 245, 250, 250 

body wall of, 228 
nephridia and, 239 

Acontium, 125, 126 
Acron, 518, 520, 520, 531, 532, 555, 606 
Acropora acuminata, 136 
Acropora cervicornis, 133, 134 
Acrorhagi, 130 
Acrothoracica, 685-686, 687, 687, 693, 

693 
dwarf male of, 684, 686-687 

Actin, 13 
in ameboid movement, 14, 15 
in Ctenophora, 104, 186 
in musculature, 104, 526 
in phagocytosis, 17, 17 

Actiniaria, 125-126, 129-130, 130-132, 
147, 147 

acontium in, 125, 126 
chitin in, 131 
feeding by, 131 
locomotion in, 131 
papillae on, 129, 131 
in phylogenetic hierarchy, 147, 148 
reproduction in, 131 
symbiosis and, 131, 132 
See also Anthozoa 

Actinophryida, 53 
Actinophrys, 53 

reproduction in, 54 
Actinopoda, 50-53 

axopodia of, 50-51, 50-51 
cortex of, 51, 51-53 
shuttling in, 24, 50 
siliceous skeleton of, 51. See also 
Radiolaria 

tests of, 51 
Actinosphaerium, 51, 53 

reproduction in, 54 
Actinotrichida, 595 
Actinotrocha larva, 820, 821 
Actinula, 162, 165, 166 
Actinulida, 172, 173 
Action potential, 104 
Adenophorea, 763, 769-770 
Adductor muscles, 369 
Adhering junctions, of epithelial tissue, 99, 

100 
Adhesive disc, 588, 813, 866 
Adhesive glands, 257 
Adhesive organs, 155, 257 
Adhesive pad, 787 
Adhesive papillae, 951 
Adhesive tubes, 754 
Aeolidoidea, 341 
Aeolosomatidae, 466, 466, 467, 470 
Aequorea, 159, 162, 172 
Aesthetascs, 613, 613 
Aesthetes, 296, 297 
A-form. See Anthoathecatae (A-form) 

hydrozoans 
Afroceras ensata, 84 
Agelenidae, 584 
Aglantha digitale, 172, 172 
Aglaura, 166, 172 
Agnostida, 550, 551 

Aiptasia pallida, 128 
gravid, 129 
pedal laceration in, 131, 131 
regeneration in, 122 
symbiosis in, 121 

Akentrogonida, 685 
Albumen glands, 334 
Alciopidae, 426, 429, 443 
Alcyonacea, 143, 144, 146, 147, 148 
Alcyonaria, 137-139, 141, 142-144, 146, 

146, 147, 147 
asulcal septa in, 138, 141 
phylogeny of, 146, 147, 148 
reproduction in, 139 
skeletons of, 139 
symbiosis in, 137 

Allantosoma, 42, 43 
Allogromia, 47, 49 
Allogromiina, 49 
Allometric growth, 108, 108 
Allomone, 743 
Allosperm, 335 
Alveolata, 32-46, 54, 55, 55 
Alveoli, 24 
Amblypygi, 570-571, 571, 596, 596 
Ambulacral areas, 897 
Ambulacral ossicles, 880 
Ambulacrum (ambulacral groove), 876 
Amebae, 46-47, 47, 54 

pseudopodia of, 14, 15, 46, 54 
reproduction in, 54, 54 

Amebocytes, 947 
Ameboid movement, 14-15, 14 
Ammoniacal squids, 350, 355 
Ammonoid, 343, 346, 347, 348, 348, 354, 

355, 365 
Ammonoidea, 346, 365, 366, 366 
Amoeba, 46, 47, 47 
Amoebozoa, 47 
Ampharetidae, 452 
Amphiblastula larva, 92 
Amphids, 758, 761 
Amphinomidae, 429, 446-447 
Amphioxus. See Cephalochordata 
Amphipoda, 654-658, 654, 667 
Amphiporus, 275, 276, 277, 279 
Amphisorus, 49 
Ampulla, 817, 879 
Amylase, in chiton feeding, 295 
Anactinotrichida, 595 
Anal canals, 187 
Anal cone, 917 
Anal legs, 705 
Anal pores, 187, 305 
Anal sacs, 493 
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Anal shield, 496 
Anamorphic development, 614, 709 
Anasca, 845 
Anaspidacea, 650, 650 
Anaspidea, 318, 319, 336, 341 
Ancestrula, 842 
Anchor, 201, 910 
Anchor cell, 230 
Anchor plate, 910 
Ancyropoda, 406 
Anisomyarian condition, 369 
Androgenic hormone, 648 
Animal pole, of zygote, 60 
Anisoptera, 745 
Annelida, 414, 418, 420, 500, 500 

body of, 414, 414-415 
body wall of, 414-415, 415, 416 
chaetae of, 415-416, 416-417 
coelomic cavities of, 415, 417-419, 

418 
development in, 414, 419 
digestive system of, 415, 418, 419 
Echiura and, 495 
excretion by, 415, 418, 419 
hemal system of, 418, 418, 419 
nervous system of, 416-417, 418 
Onychophora and, 509-510 
phylogeny of, 219, 220, 221, 419-420, 

420 
reproduction and, 419 
Sipuncula and, 500-501,500 
See also Hirudinomorpha; Oligochaeta; 
Polychaeta 

Annelidan cross, 501, 501 
Anomalodesmata, 402 
Anomiidae, 389, 401 

gills of, 379 
Anomopoda, 619, 624 
Anomura, 630, 631, 650 
Anopla, 279 
Anoplura, 742, 747, 748 
Anostraca, 617-618, 618, 694, 694 

osmolarity of, 618 
Antagonistic sets, 103, 525 
Antennal glands, 528-529, 612 
Anterior-posterior body axis, 197, 198 
Anthoathecatae (A-form) hydrozoans, 159, 

162-163, 164, 165, 166-167, 167t, 
170-171, 174, 174 

gonads in, 160, 174 
hydranths of, 160, 174 
ocelli in, 159, 174 
in phylogeny, 174 

Anthocodia, 139, 141 
Anthozoa, 124-148, 147, 147, 125, 174, 

174, 175, 175 
acontium in, 125, 126 
cinclides of, 125, 125 
cnidoglandular band of, 126, 126 
feeding in, 126, 128 
musculature of, 125, 126-127, 127 
nervous system of, 127 
pharynx in, 124-125, 125, 127, 128 
phylogeny of, 146, 147, 148, 175, 175 
polyps of, 124-126, 125-126, 176 
reproduction in, 130 

retraction of, 127-128, 128 
septa of, 125-126, 125-127 
siphonoglyphs in, 125, 125, 127, 128 ' 
symbiosis in, 121, 128, 129 

Anthuridea, 663, 663 
Antipatharia, 130, 137, 139, 147, 147, 148 

musculature of, 127, 137 
Anus, 275 
Aorta, 289 
Aperture, 309 
Aphroditidae, 445 
Apical-basal polarity, 100 
Apical complex, 43 
Apicomplexa, 43-46, 43, 55 

pellicle of, 43 
Apical field, 790 
Apical plate, 291 
Apical system, 897 
Apical tuft, 290 
Aplacophora, 284, 291-292, 292, 406, 

406 
digestive system of, 288 
molluscan evolution and, 407-408 

Aplousobranchia, 951, 952, 957, 957 
Aplysia, 318-319, 331, 341 

reproduction in, 335, 336 
Aplysina, 88, 93 
Apodeme, 519, 522 
Apodida, 914, 915, 917 
Apopyle, 78, 80 
Aposematic coloration, 327, 715 
Appendages, 344 

biramous, 521 
paired, jointed, segmental, 520 
uniramous, 521 

Appendicularia, 955-956, 955-956, 957, 
957 

Apterygotes (“apterygota”), 726, 730, 735, 
736, 738, 746, 750 

Apulmonata, 596, 596, 597 
Aquiferous system, 79 
Arabellidae, 448 
Arachnata, 552 
Arachnida, 555, 559-560, 596, 596, 600, 

600 
development in, 564 
excretion by, 561-562 
feeding by, 560 
gas exchange in, 560-561, 561 
hemal system in, 561 
lateral eyes of, 563, 564 
muscular extension in, 560 
nervous system in, 562, 562 
phylogeny of, 595, 596, 597 
preoral cavity in, 560, 568 

/ reproduction in, 564 
sense organs of, 562, 563, 564 

Araneae, 571-573, 572, 573, 583 - 584, 
596, 596 

development and, 583 
digestive system in, 572, 573, 576 
epigastric furrow in, 572, 573 
excretory system in, 573, 578 
eyes in, 537, 578-580, 579 
fang of, 572, 572, 573, 576 
gas exchange by, 573,671, 578 

hemal system of, 573, 578 
nervous system of, 573, 578 
pedicel of, 571-572,572 
prey capture by, 574-576, 575 
reproduction and, 574, 574, 580-582, 
581-582 

silk and, 573-574, 573 
slit sense organs in, 580-581 
tarsal organs in, 581 
toxicity of, 576 

Araneidae, 575, 575, 583 
Araneomorphae, 583 
Arcella, 46, 47, 48 

reproduction in, 54 
Archaeogastropods, 301, 305, 321, 338 

digestive tract in, 320, 321 
reproduction in, 335, 336 
shell of, 313 

Archaeognatha, 745 
Archenteron, 107, 108 
Archeocyte, 80, 82 

chemical etching by, 90 
endosymbiosis in, 88 
nutrient transport by, 88 
phagocytosis by, 87, 88, 88 
in reproduction, 90, 91 

Archiacanthocephala, 803 
Architeuthid squids, 354 
Architomy, 240, 241 
Area-to-volume ratio, 63, 64-65 
Arenicola, 423, 426-427, 428, 441-442, 

442-443 
oxygen dissociation in, 433 

Arenicolidae, 428, 441-442 
Argyronetidae, 584 
Arhynchobdellida, 474, 475, 476, 478, 480, 

482, 482 
Aristotle’s lantern, 902 
Arminoidea, 341 
Arm spines, 890 
Arms, 355 

of collar region, 865 
Arolium, 726 
Arthropoda, 2, 3, 3, 4, 220, 420, 420, 518, 
519-520, 540, 540 

appendages of, 520-521 
appendage use by, 525-526 
body wall of, 521 -525, 522 
color vision and, 537 
development and. 538-539 
excretory system in, 528-530, 529 
gut of, 530, 530 
hemal system of, 527-528 
Kinorhyncha and, 778-779 
molting mortality of, 524 
nervous system in, 531-532, 531-532 
Onychophora and, 509, 510, 540 
in Panarthropoda, 505 
pericardial sinus in, 527-528, 527 
perivisceral sinus in, 527, 528 
phylogeny of, 539-541, 540 
reproduction and, 537-538 
respiratory systems of, 530 
sense organs of, 532-537, 533 
Tardigrada and, 515 

Arthropodization, 518 
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Articles, 519, 520, 520 - 521, 555, 607, 725, 
726 

Articulamentum, 293, 293 
Articular membranes, 519, 522 
Articulata, brachiopod, 220, 220, 824, 827, 

828, 829 
abductor muscles of, 822, 823, 825 
pedicle of, 824, 826 
valves of, 822, 824, 825 

Articulata, segmented protostomes, 220, 
220, 221, 420, 420, 540 

Articulation, 519, 522 
Asaphida, 551, 551 
Ascaris, 767-768, 767, 770 
Ascaroid nematodes, 767 
Aschelminthes, 220, 781 
Ascidiacea, 940 - 941, 941-950, 943 - 949, 
951-952, 952 

in classification schemata, 959 
development of, 949, 950, 951 
hemal system in, 946-947, 947, 949, 

949 
morula cells in, 947-948 
storagp excretion in, 948, 948 
tunic of, 943 - 944, 944 

Ascidians 
compound, 942 
simple, 941 
systems in, 943 

Ascoglossa. See Sacoglossa (sacoglossans) 
Asconoid design, 78-79, 78, 79, 82 
Ascophora, 845 
Ascothoracida, 676, 678, 678, 692, 693, 

693 
Ascus, 837 
Asellota, 662, 662, 663, 666 
Aspidisca, 42 
Aspidochirotida, 914, 917 
Aspidogastrea, 257, 257, 263, 263 
Astaxanthin, 644 
Asteroidea, 876-889, 877, 883, 926 

coelomic systems in, 881, 883, 886 
development of, 888-889, 888-889 
digestive system of, 883-884, 885 
endoskeleton of, 876-878, 879- 

880 
gills of, 881, 883, 883 
hemal system of, 881, 883, 886-887 
reproduction in, 887-888, 887 
tube feet of, 876, 878, 881, 883, 884 
water-vascular system in, 879-882, 

881 
Athalamida, 49 
Athecate tentacles, 161 
Atrial siphon, 941 
Atriopore, 934 
Atrium (Atria), 285, 289, 299, 303, 308, 

330, 368, 369, 397, 936 
in Chordata, 936, 945 
in Enteropneusta, 861 
genital, 253 
in Porifera, 78 

Atyidae, 639 
Aurelia aurita, 151, 152 
Auricles, 192 
Auricular grooves, 191 

Autapomorphy, 2, 3, 4 
in cladistics, 4, 5, 7 

Autosperm, 335 
Auto to my, 589, 611, 649 
Autotrophs, 19 
Autozooids, 139, 834, 840 
Avicularium, 834, 835 
Avoidance reaction, 37, 37 
Axial canal, 886 
Axial cell, 266 
Axial epithelium, 144 
Axial furrows, 545 
Axial hemal vessel, 886 
Axial organ, 921 
Axial polyp, 116 

budding, 116 
Axial ring, 546 
Axial rod, 144, 144, 146 
Axoblast, 265, 266 
Axocoel, 875 
Axohydrocoel, 888, 889 
Axon (neuron membrane), 104, 106 

giant, 200, 360, 821 
Axoneme, 15, 15 
Axopodia, 50-51, 50-51 
Axostylata, 31-32 
Axostyle, 32, 32 

B 
Balanomorpha, 679, 681-682 
Balancer, 187 
Balantidium, 40 
Ballooning, 574, 583 
Barb, 566' 
Barentsiidae, 811, 812 
Bartholomea annulata, 129 
Basal bodies, and axonemes, 15-16, 

15 
Basal lamina, 59, 100 
Basal layer, 759 
Basal plate, 785 
Basis 

of Arthropoda, 521 
of balanomorph, 681 
of Nemertea, 273 

Basommatophora, 342 
Bathynellacea, 650 
Bauplan, 2 
Bdelloidea, 791, 793, 794, 795, 796, 797, 

798, 799 
Bdellonemertea, 275, 279, 280, 280 
Bdelloura, 226, 229, 247 
Beak, 356, 728 
Belemnoidea, 365, 366, 366 
Benthic aquatic life, 61 
Berne, 183, 184, 187, 188, 190, 193, 194 
Beroida, 194 
Bidirectional shuttling, 24 
Bilateral cleavage, 216 
Bilateral symmetry, 197 
Bilateria, 194, 194, 197, 198, 208t, 220, 

220, 221-222, 221, 222t 
circulatory systems of, 204t 
coelomic lining of, 205 
compartmentalization and, 203, 203, 

204, 204, 204t 

developmental stages in, 216-219, 
217-218 

excretion from, 212-214, 212-214 
heartbeat reversal in, 209 
hemal system of, 204t, 206-207, 
206-207, 208-209, 210 

internal transport within, 207-210, 
209-210 

locomotion and, 198-199, 198-199 
pedomorphosis and, 222 
phylogeny of, 219-222, 219-221 
radial symmetry and, 199, 199, 876 
reproduction in, 214, 215, 216 
sessile, 199, 199, 200 
size vs. form in, 208t 

Binary fission, 25 
Bioluminescence, 362, 629, 651, 669, 690, 

715 
Bipectinate gills, 286 
Biphasic life cycle, 61 
Biradial cleavage, 840 
Biradial symmetry, 184 
Bivalvia, 284, 298, 367-403, 368, 402, 406, 

406 
adductor muscles in, 369-370, 370 
attached, 386-387, 388, 389 
boring, 391-394, 394-395 
burrowing by, 383-384, 383-384 
commensals among, 394 
development in, 398-399 
digestive system of, 380 
excretion by, 396, 397 
eyes in, 397-398 
feeding and, 372 
foot of, 371-372 
gas exchange and, 396 
gills in, 372, 372 
hemal system of, 396 
hinge ligament in, 369, 369, 370 
labial palps of, 372, 373, 374, 374 
mantle fusion in, 384-385, 384 
mantle of, 368, 369 
nervous system of, 396-397, 398 
osphradium and, 398 
phylogeny of, 402-403, 402 
reproduction in, 398, 399 
shell of, 368-369, 369, 370-371, 

370 
siphons in, 385, 385 -387 
See also Eulamellibranchia; Filibranchia; 
Lamellibranchs; Protobranchia; 
Septibranchia 

Bladder, of decopods, 639 
Blastema, 239 
Blastocoel, 60, 101, 108, 217 
Blastodisc, 60, 364, 538 
Blastomeres, 60, 61 
Blastopore, 107, 108 
Blastostyle, 161, 164 
Blastozooids, 951 
Blastula, 60, 107 

centrolecithal embryo as, 538, 538 
Blattaria, 747 
Bleaching, 136 
Blood, 206 
Bodo saltans, 28, 29 
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Body-axis shift, 875 
Body chamber, 347 
Body mass vs. metabolic rate, 65-66, 67 
Body segmentation, 414, 420-422 

Arthropoda and, 518, 520 
tagmosis and, 421-422, 422 

Body size, 62-63, 65-67 
movement and, 102-103, 109 

Body whorl, 309 
Bonellia, 490, 490, 492, 493, 494 
Bonelliidae, 493, 494, 495, 495 
Bonellin, 490 
Book gills, 530 
Book lungs, 530 
Botryoidal tissue, 474 
Bourgueticrinida, 924 
Brachial groove, 826 
Brachial nerves, 922 
Brachidia, 826 
Brachiopoda, 821, 822-824, 824-829, 846 

development in, 828-829, 828 
lophophore of, 824, 826, 827 
mantle epithelial ceca of, 822, 825 
pedicle of, 823, 825-826 

Brachium (brachia), 824, 826, 827 
Brachyura, 632-633, 633-635, 640, 641, 

642, 650 
gas exchange in, 637, 639 
hemal system in, 638, 640 
nephridiopore of, 637 
nervous system in, 642, 643 
reproduction in, 645, 646, 646, 647 

Bracts, 169, 169 
Brain, 199, 520, 555, 557, 573, 586, 591, 
599, 606, 608, 621, 716, 735, 753, 754, 
760, 796, 813, 813, 839 

Branchial chamber, 556, 556, 609, 637, 
637 

Branchial channel, 861 
Branchial hearts, 358 
Branchial nerve, 360 
Branchial skeleton, 859 
Branchial vessels, 285, 286, 330, 330, 358 
Branchiobdellida, 471, 478, 480, 482, 

482 
Branchiogenital region, 859 
Branc’hiomeric podocytes, 863 
Branchiomery, 861 
Branchiopericardial sinus, 639 
Branchiopericardial vein, 639 
Branchiostegite, 609, 637, 637 
Branchiura, 690, 690 
Brisingida, 889 
Brooding (brood), 62, 216, 297, 337, 364, 
398-399, 538, 547, 586, 600, 614, 709, 
709, 797, 811, 828, 840-842 

Brood nest, 586 
Brood sac, 586 
Brown body, 840 
Bryozoa, 829-845, 829-831, 846 

in classification schemata, 219 
colonial forms of, 829-830, 830, 
832-836, 832, 833, 834-835, 842, 843, 
844 

giant buds in, 844, 844 
interzooidal pores in, 836 -837, 836 

development in, 840-842, 841, 
842-843 

digestive system of, 831, 838-839, 839 
feeding by, 199,199, 200, 837-838, 

838-840 
funiculus of, 831, 836, 837 
membranous sac in, 836, 836 
nervous system in, 839 
phylogeny of, 845 
polypide regression in, 840 
stolons of, 829, 832 

Buccal cavity, 204, 285, 287, 287, 762, 762, 
785,839, 861 

in ciliates, 37, 39, 40 
Buccal field, 790 
Buccal frame, 633, 634 
Buccal funnel, 812 
Buccal podia, 897, 910 
Buccal siphon, 941 
Buccal tentacles, 945 
Buccinum, 301, 324, 325, 333, 340 

radula of, 321 
Buddenbrockia, 173, 174 
Budding, 25, 60, 811, 821, 842-844, 844 

axial-polyp, 114, 116 
fixed-length, 115-116 
in Metazoa, 60 
in Porifera, 90 
in Protozoa, 25 

Bulbous pharynx, 236 
Bullomorpha, 326, 341 
Bunodeopsis, 131 
Bunodosoma cavernata, 129, 131 
Burgess Shale arthropods, 552 
Burrowing, 201-202, 201-202, 382-386, 

384, 548, 606, 774, 774 
Burrowing hypothesis, 421 
Bursa (bursae), 216, 765, 894 
Bursovaginoidea, 786 
Byssal glands, 386 
Byssal groove, 386 
Byssus, 386-387, 388, 390 

C 
Cadherins, 59 
Caelifera, 725, 745 
Caenogastropoda, 339 
Calamistrum, 574 
Calanoida, 669, 670, 671, 672, 673, 674 
Calcarea, 80, 93, 93 

sexual reproduction in, 91-92, 91 
spicules of, 84 

Calcareous ring, 896 
Calcaronea, 93 
Calceoli, 658 
Calcinea, 93 
Calciferous glands, 461 
Calotte, 265 
Calycophorida, 167, 170-171 
Calymma, 51 
Calyptraeoidea, 339 
Calyx 

in crinoids, 917, 918 
in kamptozoans, 809, 809 

Campaniform organ, 533, 534, 735 
Campodeina, 745 

Canalipalpata, 448-457, 459, 459 
Cancellarioidea, 340 
Capitata hydrozoans, 162-163, 166-167 
Capitate tentacles, 159, 162 
Capitellidae, 433, 442 
Capitulum, 130, 131, 681 
Caponiidae, 583 
Caprellidea, 656-657, 657, 658 
Capsule, in reproduction, 216, 243 
Capsule glands, 334 
Captacula, 404, 405 
Carapace, 555, 556, 559, 560, 572, 

601-602, 602 
Garchesium, 37, 38 
Cardia, 838, 838, 839 
Cardiac chamber, 635, 636 
Cardiac stomach, 885 
Caridoida, 668, 668 
Carinarioidea, 339 
Carinoma tremaphoros, 271, 272, 273, 279 
Carnosa, 845 
Carrier cell, 91 
Cartilage, 350 
Caryoblasta, 46 
Cassiopeia xamachana, 153, 154 
Castes, 743 
Catenulida, 235, 245, 250, 250 

gut in, 234-235 
pharynx of, 236, 237 
protonephridia in, 239 
reproduction in, 240, 242, 245 
sensory pit of, 234 
statocyst of, 231 

Caudal appendages, 773 
Caudal furca, 607, 615, 616 
Caudal ganglion, 796 
Caudal shield, 496 
Caudofoveata, 291, 292, 292 
Cecum (ceca), 204, 205, 209, 210, 298, 

321, 345, 356, 357, 381, 381, 835, 838, 
839. See also Digestive cecum 

Cell(s) 
anchor, 230 
apical-basal polarity of, 100 
axial, 266 
azooxanthellate, 135 
carrier, 91 
chaetoblast, 416, 417 
chlorogogen, 418, 418 
circulation within, 17-18 
corneagenous, 535 
distal pigment, 535 
embryonic reserve, 61 
enzymatic gland, 121 
epidermal replacement, 234 
epitheliomuscular, 103, 103 
etching, 90 
explosive, 611 
fixed parenchymal, 234, 235 
flame, 214 
interstitial, 121 
myoepithelial, 103 
nutritive, 187 
phasic muscle, 526 
pigment, 234 
retinular, 535, 536-537 
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secretion by, 18,18 
somatic, 234 
specialization of, 59, 63, 72 - 73, 73 - 74 
stem, 254 
symbiosis and, 19 
teloblast, 218 
terminal, 214, 214-215 
tormogen, 416, 417, 523 
totipotent, 77 
trichogen, 416, 417, 522, 523 
zooxanthellate, 135 

Cell membrane, 13, 14 
See also Cytoskeleton 

Cell motility, 13, 14-17, 14-15 
actin in, 14, 15 
ciliary motion as, 16-17, 16 
dynein in, 13, 15, 15 
flagellar motion as, 16, 16 

Cellularia, 80, 92-93, 93, 94 
Central axis, 286 
Central nervous system (CNS), 105, 532, 
558-559 

arthropod, 520, 531 
cephalization and, 199, 532 
molluscan, 289 
See also Nerve entries 

Centrioles, 13, 15-16 
Centrohelida, 53 
Cephalaspidea, 341 

See also Bullomorpha 
Cephalic glands, 272 
Cephalic shield, 705 
Cephalic tentacles, 289 
Cephalization, 199, 520, 532 
Cephalocarida, 613, 616-617, 616, 694, 

694, 695 
Cephalochordata, 932 - 939, 933, 935, 957, 

957 
coelomic system in, 933, 936 
development in, 939, 939- 940 
digestive system in, 936-937, 936 
hemal system of, 937-938, 938 

Cephalodiscus, 869, 869 
Cephalopedal hemocoel, 330 
Cephalopoda, 284, 298, 343-367, 344, 

345, 366, 366, 406, 406 
appendages of, 344, 345, 355-356 
bioluminescence in, 362-363, 363 
body chamber of, 347, 347 
buoyancy and, 349-350 
cartilage in, 350-351 
chromatic control by, 362 
countershading in, 361, 363 
development in, 364-365, 365 
diel vertical migration of, 353, 355 
diet of, 357 
digestive system in, 356, 357 
ectocochleate, 345, 346, 347 
epidermal hair cell lines in, 361 
funnel in, 344, 345 
gills of, 357-358 
hemal system in, 358, 359, 360 
ink sac complex of, 357 
integument of, 362 
locomotion of, 351-353 
mantle of, 351-352, 354 

nervous system in, 360, 360 
phylogeny of, 366-367, 366 
renal system in, 358, 359, 360 
reproductive system of, 363-364 
shell and, 344-346, 346-347, 347-348, 

349 
statocysts of, 361 
venomous system in, 356-357 
vision in, 360-361, 361 

Cephalorhyncha, 780-781, 780 
Cephalothorax, 518, 555, 556, 606, 607 
Ceractinomorpha, 93 
Cerata, 317, 327, 341, 341 
Ceratium, 34 
Cercaria, 251, 252-253, 254t 
Cercomer, 257 
Cercomeromorpha, 257-263, 263 
Cercus (cerci), 725, 726, 732 
Cerebral organs, 276 
Cerebratulus, 271, 271, 272, 274, 276, 277, 
279 

Ceriantharia, 130, 137, 140, 147, 147, 148 
musculature of, 127, 137 
ptychocyst of, 119, 120 

Ceriantipatharia, 147, 148 
Cerithioidea, 339 
Cestida, 192, 192 
Cestoda, 258-263, 263 

body wall of, 259-260, 261 
development in, 260 
life cycle of, 260-261, 262 
nervous system in, 260 
reproduction in, 260, 262 

Chaetae, 415-416, 416-417 
Chaetal sacs, 423 
Chaetoblast cell, 416, 417 
Chaetodermomorpha, 291, 292, 292, 406, 

406 
Chaetognatha, 220, 220, 221, 221, 
851-856, 851-852 

coelomic development in, 855, 855 
coelomic system of, 852, 853, 854 
phylogeny of, 856 

Chaetonotida, 754, 756, 757 
Chaetopteridae, 449-450 
Chain, of blastozooids, 955 
Chambered organ, 921 
Chaos carolinense, 46, 47 
Character, 2 
Cheilostomata, 834, 837, 839, 845 
Chelicerae, 3, 555, 556, 560, 566, 568, 572, 

579, 598, 599 
basal piece, 572 

Chelicerata, 3, 3, 4, 518, 540, 540, 
555-600, 600 

cephalothorax of, 520, 520, 555 
hemal system of, 528 
phylogeny of, 600, 600 
See also Acari; Arachnida; Araneae; 
Pycnogonida; Scorpiones; 
Xiphosura 

Cheliped, 628, 632, 633 
Chemoreceptors, 533 
Chilaria, 556 
Chilodonella, 42-43 
Chilomastix, 32 

Chilopoda, 703, 704, 705 - 710, 705- 706 
cephalic shield of, 705, 705 
excretion by, 708 
eyes of, 708 
feeding in, 707, 708 
phylogeny and, 710, 718, 719, 720, 

720 
reproduction by, 709, 709 
gas exchange in, 708, 708 
toxicity of, 707 

Chironex fleckeri, 153-154, 155 
Chiropsalmus quadrumanus, 154, 155 
Chiroteuthid squids, 350, 354 
Chitin, 18-19, 521 

a (alpha), 416 
B (beta), 416 

Chitons, 284, 292-298, 293 
development of, 297-298, 297 
excretion by, 295, 296 
feeding in, 295 
locomotion in, 294-295 
mantle cavity of, 294, 295 
nervous system in, 296, 296 
pericardial coelom in, 296, 296 
reproduction in, 294, 296, 297 
shell valves of, 293-294, 293, 296, 297 
See also Polyplacophora 

Chlamydomonas, 30, 30 
Chlorocruorin, 431 
Chlorogogen, 715, 732 
Chlorogogen cells, 418, 418 
Chlorophyta, 30, 54, 55 
Chloroplasts, 12, 12 
Choanoblast, 82, 83 
Choanocyte, 80, 82, 82 

chambers, 79 
consumption by, 87, 88 
in reproduction, 91 

Choanoderm, 78-79, 78, 80, 82, 82, 88 
Choanoflagellata, 23, 30-31, 31, 55, 
70-71, 93 

Choanosyncytium, 82, 83 
Chondrilla nucula, 81, 85, 93 

biological assault by, 89 
Chonotrichia, 42, 43 
Chordata, 869, 869, 931-932, 931-932, 

957, 957 
in classification schemata, 868, 869, 

870 
hemal system of, 932 
phylogeny of, 956-960, 957 
See also Appendicularia; Ascidiacea; 
Cephalochordata; Thaliacea 

Chordoid organ, 814 
Chordotonal organ, 534 
Chromatic organs, 362 
Chromatophore organs, 644 
Chromatophores, 234, 362, 362, 473, 523, 

613, 644, 645 
Chromosome diminution, 766, 767 
Chrysaora quinquecirrha, 150 
Chyme, 210 
Cibarial pump, 729 
Cibarium, 729 
Cidaroida, 898-899, 909 
Ciguatera, 33 
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Cilia, 15, 16-17, 16, 102 
in Ctenophora, 182, 183-184, 

183-184, 187 
Ciliary 

cone, 119 
fences, 854 
groove, 187, 374, 497 

interplate, 187 
laterofrontal, 376 
receptors, 107 
reversal hypothesis, 837 
ridge, 374 
rings, 264 
slope, 374 

Ciliary rosette, 187-188, 189, 190, 
193 

Ciliated cup, 449 
Ciliated duct, 949 
Ciliated urns, 498 
Ciliature 

oral, 34 
somatic, 34 

Ciliophora, 33-43, 35, 55 
commensals among, 40-41 
consumption by, 37, 39-40 
digestion by, 40, 40 
encystment by, 42 
excretion by, 41 
locomotion of, 36-37, 37-38 
nuclear dimorphism in, 41 
reproduction by, 41-42, 41-42 

Ciliophores, 787 
Ciliophryida, 53 
Cinclide, 125 
Cingulum, 33, 790 
Circulatory systems, 65, 66 

aquiferous, 78-79, 88 
coelomic, 275 
See also Coelom; Hemal system 

Circumapical band, 790 
Cirrata, 350, 351, 353, 353, 355, 366 
Cirratulidae, 430, 432, 452 
Cirripedia, 614, 676, 678-687, 679-680, 

692, 693, 693 
feeding by, 682-683 
reproduction in, 679, 683, 684 

Cirrus (cirri), 36, 38, 253, 423 
laterofrontal, 376 
pygidial, 423 
tentacular, 423 

Cirrus sac, 253 
Cladistics, 2, 3 

autapomorphy in, 2, 4, 5, 7 
exercise for, 4-5, 5-7 
formal taxa names and, 5 
outgroup comparison in, 5, 7 
parsimony in, 4 
synapomorphy in, 2, 4, 6 

Cladocera, 614, 619, 620, 621, 623-624, 
624, 625 

eyes in, 620, 621 
reproduction in, 620-621, 621, 622, 

622. See also Heterogony 
Cladogram, 2 
Cladorhizidae, 87-88 
Clam. See Bivalvia 

Clathrina, 79, 79, 93 
budding of, 90 
sexual reproduction in, 91 

Claws, 506 
Cleavages 

of embryo, 216 
of zygote, 60, 61 

Clionidae, 89-90, 89, 93 
Clitellata, 419, 420, 420, 459-483 

phylogeny of, 482-483, 482, 482 
Clitellum, 459, 461, 467, 469, 469 
Cloaca, 205, 493, 765 
Clonal reproduction, 25, 26, 41, 41 

in Cnidaria, 122-123, 123, 124 
in Porifera, 90 
See also Parthenogenesis; Statoblasts 

Closed spindle, 25 
Closed tracheal system, 735 
Clubionidae, 584 
Club-shaped gland, 939 
Clypeasteroida, 905, 906, 907, 909 
Cnida, 119, 119-120 
Cnidaria, 23, 112-113, 112, 114, 174, 174, 

175, 175, 194, 194 
actin in, 104, 186 
body wall of, 113, 113, 202 
circulatory system in, 122, 122 
colonial growth forms in, 114-116, 114 
epithelial tissue and, 114, 202 
excretion from, 122 
feeding in, 121 
mesoglea of, 112, 113 
musculature in, 104, 113, 116-117, 

116, 118, 186 
nervous system of, 117-118, 117-118 
photoreceptors of, 106 
phylogeny of, 175, 175, 194 
polyps of, 112, 113, 176 
reproduction in, 72, 122-123, 123, 124 
skeletons in, 115, 116 
solenia of, 114, 115 
symbiosis in, 122 
toxicity of, 112 
See also Acdniaria; Alcyonaria; 
Anthozoa; Ceriantharia; Coral; 
Hydrozoa; Scyphozoa; Zoanthidea 

Cnidocil, 119, 119 
Cnidocyte, 112, 113, 119, 119 
Cnidoglandular band, 126 
Cnidosacs, 327 
CNS. See Central nervous system (CNS) 
Coccidia, 46 

life cycle of, 44, 44 
Cocoon,459, 469 
Coelenterate, 182 
Coelenteric network, 152 
Coelenteron, 112, 112, 121, 122, 202 

gastrodermal tube as, 139, 144 
Coeloblastula larva, 91 
Coelom, 203, 203, 204t, 205, 205 

cavities of, 206, 206 
endostylar, 936 
genital, 886 
hyponeural, 886 
lophophoral, 817 
perivisceral, 886, 936 

in segmentation theory, 420, 421 
subchordal, 936 
trunk, 817 
See also Mesocoel; Metacoel; Protocoel 

Coelomates, 205 
Coelomate theory of development, 249 
Coelomic diverticula, 858 
Coelomic fluid, 205 
Coelomocytes, 206 
Coelomopore, 459, 840 
Coenecium, 866 
Coenosarc, 114, 115 
Coenosteum, 132, 134 
Coevolution, 740-741 
Coleoidea, 345-346, 348, 355, 365, 366, 

366, 367 
hemal system in, 358, 359, 360 
olfactory epithelium in, 361-362 
shell evolution and, 349 
vision in, 360-361, 361 
See also Cephalopoda 

Coleoptera, 739, 739, 748 
Coleps, 42 
Collagen, 60 
Collagen tunics, 352 
Collar, 31, 859 
Collar bodies, 82 
Collar cord, 858 
Collar ganglion, 867 
Collembola, 745 , 746 
Collocyte, 185, 185 
Collothecacea, 799 
Collozoum, 51, 52 
Colobognatha, 711, 714, 716 
Colonial adult animal, 108, 108, 109 

See also Zooid 
Colonial theory, of metazoan evolution, 
70-71, 71 

Color vision, 537 
Colpodea, 43 
Columella, 134, 309, 310, 311 
Column, 113 
Comatulida, 917, 918, 922, 924, 924 
Comb row, 184 
Commissure, 233, 289, 296, 531-532, 532 
Compact animals, 206 
Complemental males, 683 
Complete septa, 126 
Complexity, biological, 73, 74 
Compound eyes, 534-536, 536-537, 555, 

559, 564, 606, 703, 708, 720, 731, 736 
Conchifera, 298, 406, 406, 408 
Conchiolin, 284, 311, 368 
Conchostraca, 619, 620, 623, 624, 625 
Cone stalk, 535 
Conispiral, 304 
Conjugant, 41 
Conjugation, in ciliates, 41-42, 41-42 
Connective tissue, 60, 100-101 

compartment, 100 
eumetazoan, 100 
mutable, 873, 874 

Connectives, 289 
Conoidea, 322, 324-326, 326, 340 
Contractile vacuoles, 24-25, 25 

system, 24 
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Contractile vessels, 498 
Convergence, 3 
Copepoda, 613, 669-674, 670-672, 693, 

693 
development in, 673, 673 
feeding by, 671-672 
parasitism by, 673-674, 674-675 
phylogeny and, 674, 692, 693 
reproduction in, 671, 673 
vertical migration by, 672-673 

Copepodomorpha, 692, 693, 693 
Coprophagy, 715 
Copulatory appendage, 216 
Copulatory bursa, 216, 334, 765, 765, 800, 

802 
Copulatory ducts, 581 
Copulatory pores, 581 ' 
Copulatory spicule, 765 
Coral, 112, 132-134, 132-133 

bivalve borers and, 392 
black, 127, 130, 137, 139 
bleaching of, 136 
blue, 142, 143 
competition among, 135 
fire, T60, 166, 168 
organ-pipe, 139, 142 
red, 143, 146 
reproduction in, 135, 136, 136 
rose, 167, 169 
sclerosepta in, 132, 133, 134 
septa in, 126 
skeletons in, 115, 116, 133, 134-135 
soft, 143, 144 
symbiosis in, 134, 134, 135-136 
See also Anthozoa; Scleractinia 

Corallimorpharia, 137, 138, 147, 147, 148 
Corallite, 133 
Corallium, 143, 146 
Corallum, 134 
Corbicula, 395, 398, 401 
Cor frontale, 639 
Cormidia, 167-168, 169 
Cornea, 360, 535 
Corona, 790, 842 
Coronal groove, 154 
Coronatae, 149, 154, 157, 158, 158 
Corpora alata, 740 
Corpora cardiaca, in Hexapoda, 740 
Cortex 

of actinopods, 51, 51-53 
of nematodes, 758, 759 

Corynexochida, 551, 551 
Costae, 133 
Courtship ritual, 564 
Cowrie, 326 

shell of, 309, 313 
Coxa, 521, 555, 560, 607, 607, 609, 726 
Coxal glands, 528-529, 561 
Coxal organs, 506 
Coxal plates, 654 
Coxal sac, 711 
Coxosternite, 705 
Cranchiid squids, 350, 354 
Craniida, 829 
Cranium, 360 
Craspedacusta, 166, 172 

Craterostigmomorpha, 703, 709 
Crepidula, 313, 327, 328, 334-335, 334, 339 

larva of, 337 
Cribellum, 574 
Cribrimorpha, 845 
Crinoida, 926 
Crinoidea, 917-924, 918-924, 926 

ossicles of, 917-918 
Crop,461 
Crossed-helical pattern, 101 
Crossed-lamellar structure, 311 
Crown, 917 
Crural glands, 506 
Crustacea, 2-3, 3, 4, 518, 540, 540, 
606-615, 607, 694, 694 

carapace of, 606-607 
cuticle of, 607-608 
development of, 614-615 
excretory organs in, 612-613, 612 
eyes of, 534, 613, 643-644, 643 
feeding by, 610 
gas exchange by, 612 
head of, 520, 520, 606, 608 
hemal system of, 528, 608, 609, 611 
nervous system in, 613 
phylogeny of, 694-695, 694 
reproduction and, 614 
See also Anostraca; Cephalocarida; 
Malacostraca; Maxillopoda; 
Phyllopoda; Remipedia 

Crypsis, 313 
Cryptic coloration, 341 
Cryptobiosis, 510, 757, 796 
Cryptodonta, 401 
Cryptoperculata, 596, 596, 597 
Cryptosporidium, 46 
Cryptosyringida, 889-917, 890, 925-926, 

926 
See also Echinoidea; Holothuroidea; 
Ophiuroidea 

Crypts, 801 
Crystalline cone, 535 
Crystalline style, 288, 288, 320, 327, 
380-382, 381, 381, 408, 778, 811 

Ctenes, 182, 183-184, 183-184 
Ctenophora, 182-194, 182, 184, 194, 194 

balancers in, 184, 184, 186, 187 
bioluminescence in, 183, 187 
biradial symmetry of, 184, 184 
body wall of, 184-185 
buoyancy and, 189 
development in, 190, 191 
feeding in, 188, 188 
internal circulation in, 187-189, 189 
locomotion of, 187 
musculature in, 104, 185-186, 

185-186 
nervous system in, 184, 186, 186-187 
nutritive cells of, 187, 188, 190, 193 
orientation of, 187, 188 
phylogeny of, 194 
reproduction in, 189-190 

Ctenopoda, 619, 624 
Ctenostomata, 839, 845 
Cubomedusae, 151, 153-154, 155, 156, 

156-157, 158, 158 

Cucullus, 590, 590 
Cultrichela, 7, 7 
Cumacea, 658-660, 659, 667 
Cunina, 172 
Cursorial spiders, 574 
Cuticle, 506, 507, 521-525, 522, 524, 753, 
757-759, 759, 785, 788, 810, 813, 813, 
825-826, 831 

of metazoans, 59, 59 
mineralization of, 521 
of mollusca, 284, 407 

Cuttlebone, 348 
Cuvierian tubules, 915 
Cyanea, 112, 148, 152, 153 
Cyanobacteria 

Ascidiacea, symbiosis with, 945 
atmospheric oxygen and, 19, 20 
Porifera symbiosis with, 88 

Cyclidiopsis acus, 28 
Cycliophora, 812-815, 813, 814 

inner bud of, 813, 813 
phylogeny of, 815 

Cyclomorphosis, 622, 791, 791 
Cycloneuralia, 220, 220, 221, 221, 753, 

780, 780, 781 
in classification schemata, 219, 220, 

221, 779 
See also Gastrotricha; Kinorhyncha; 
Loricifera; Nematoda; 
Nematomorpha; Priapulida 

Cyclophoridae, 339 
Cyclopoida, 669, 670, 671, 671, 672, 

674 
Cyclorhagida, 779 
Cyclostomata, 836, 837, 845 
Cydippid, 190 
Cydippida, 189, 191 
Cymothoidae, 664 
Cypraeoidea, 339 
Cyrtocrinida, 924 
Cytrotreta, 869, 869 
Cysticercus (cysticerci), 261, 262 
Cystid, 831, 834, 837, 840, 841-842, 

844 
Cystonectida, 170 
Cytheridae, 689 
Cytons, 249, 251 
Cytopharynx, 18, 24 
Cytoplasm, 13 
Cytoplasmic circulation, 17-18 
Cytoproct, 40 
Cytoskeletal plates, 787 
Cytoskeleton, 23-24, 23 

in ameboid movement, 14, 15 
of eukaryotes, 12-13, 13, 15 
in phagocytosis, 17, 17 

Cytostome, 18, 24 

D 
Dactylocalyx pumiceus, 82 
Dactylochirotida, 917 
Dactylogyrus, 258, 258 
Dactylozooids, 161, 163 
Dalyellioida, 247 
Dark adaptation, 535 
Decabrachia, 365, 366, 366, 367 



1-8 Index 

Decapoda, 626, 628-650, 668, 668 
bioluminescence in, 629 
chromatophores in, 644, 645 
crablike body as, 629, 630-633, 

631-632 
development in, 648-649, 648-649 
excretion from, 612, 639, 641 
feeding by, 634-635 
gastric mill of, 635, 636 
gut in, 608, 635-637, 636 
hemal system in, 608, 609, 638-639, 

640 
lobsterlike body as, 629-630, 629, 631 
nervous system of, 642 
neurosecretory system in, 643-644, 

643, 647-648, 649 
physiological rhythms and, 644, 645 
pyloric chamber of, 636, 636 
regeneration in, 649 
reproduction in, 608, 609, 644-648, 
646-647 

respiration in, 637-638, 637-639 
sense organs in, 642-643 
shrimplike body as, 629, 629, 630 
statocysts in, 643 
X-organ in, 643-644, 643, 647, 648 
Y-organ in, 643, 644, 648, 649 

Definitive host, 251 
Demibranchs, 376 
Demodicidae, 594 
Demospongiae, 80, 92-93, 93, 94 

boring, 89-90, 89, 93 
calcifying, 85, 85 
megascleres of, 84 

Dendrochirotida, 917 
Dendronotoidea, 341 
Dentaliida, 406 
Deploying points, 953, 955 
Deposit feeders 

direct, 428 
indirect, 428 

Dermal canals, 498 
Dermaptera, 746, 747 
Dermis, 934 
Desmothroacida, 53 
Detorsion, 303 
Deuterostomia, 219-220, 220, 221, 221, 
858, 869, 869 

blastopore in development of, 219, 220, 
846 

in classification schemata, 219, 220, 
221, 846-847, 846, 868, 869 

development within, 875 
phylogeny for, 868, 869, 870 

Deuterostomy, 858 
Deutocerebrum, 531, 531-532, 562, 613, 

731, 735 
Development 

ametabolous, 738 
anamorphic, 614, 709 
determinate, 216 
direct, 62, 291, 614 
hemimetabolous, 738 
holometabolous, 738-739 
indirect, 61, 539, 614, 709, 821, 828. See 

also Larva 

paurometabolous, 738, 739 
regulative, 216 

Developmental stage 
cyclomorphosis and, 622 
determinate, 216 
regulative, 216-217 

Developmental theory 
coelomate, 249 
planula, 247, 249 

Dextral, 310 
Diadematoida, 909 
Diapause, 90 
Diaphragm 

dorsal, 527 
ventral, 528 

Diastole, 528 
Dibranchiata. See Coleoidea 
Dicondylic joint, 522 
Dicyemida, 263, 265-266 
Didinium, 36, 37, 39, 39, 42 
Diel vertical migration (DVM), 355, 361, 
672-673 

Diffugia, 46, 47, 48 
Diffuse conduction, 118 
Diffusion, 65, 66 
Digenea, 251-256, 255, 263, 263 

development in, 254-255, 254t 
feeding by, 252, 254t 
life cycle of, 251-252, 252-253, 254t, 
255-256 

neodermis of, 251, 252, 255 
nervous system in, 253 
reproduction by, 252, 253-254, 254t, 

255 
waste excretion in, 252 

Digestion, extracellular, 100 
Digestive cecum (ceca), 285, 288, 530, 

545, 547, 557, 558, 560, 573, 598, 608, 
610, 636, 731, 732, 733 

Digestive duct, 357 
Digestive gland, 357 
Dignatha, 713, 720, 720 
Dikinetid, 36 
Dileptus, 42 

toxicyst of, 36, 36 
Dinoflagellata, 33, 34, 55 

Porifera symbiosis with, 88 
Dinophilidae, 423 
Dinopidae, 583 
Diodora, 305, 306, 308, 314, 339 
Diotocardian hearts, 308, 330, 338 
Diphyllobothrium, 260, 261 
Dipleurula larva, 874, 875 
Diploblastic animals, 108 
Diploid-dominant life cycle, 26, 26 
Diplomonadea, 32 
Diplopoda, 711, 712-713, 713-717 

locomotion in, 714 
phylogeny and, 716, 720 
reproduction in, 716-717, 717 
repugnatorial glands in, 715 

Diplosegments, 713 
Diplostraca, 624, 624 
Diptera, 727, 729, 729, 730, 739, 749 - 750, 

749 
Direct development, 62 

Disc, of asteroids, 876 
Discinida, 829 
Dissogeny, 189 
Diurodrilidae, 423, 445 
Diverticula 

intestinal, 275 
Docoglossa, 338 
Doliolida, 952-953, 954 
Doliopharyngiophora, 250, 250 
Doridoidea, 341 
Dorsal aorta, 937 
Dorsal channel, 636 
Dorsal diaphragm, 527 
Dorsal hollow nerve cord, 932 
Dorsal lamina, 945 
Dorsal light reaction, 727 
Dorsal organ, 619 
Dorsal shield, 544, 589 
Dorsal tubercle, 949 
Dorsal-ventral body axis, 197 
Dorsoventral axis inversion, 957 
Dorsoventral musculature, 200 
Doublure, 544 
Dragline, 574 
Drancuneuloids, 769 
Dreissena, 387, 395-396, 401 

larva of, 399 
Drosophila, segmentation in, 422, 724 
Dugesia, 226, 247, 248 

fission reproduction in, 240 
nervous system in, 231, 233, 248 
sexual reproduction in, 244, 244 

Duo-gland adhesion, 230, 230, 754, 757, 
791 

Duo-gland organs, 230 
Dwarf male, 494 
Dynamic tissues, 77 
Dynein, 13, 15, 15 

glass sponge nutrient transport by, 88 
Dysderidae, 583 
Dysidea, 85 

E 
Ecdysial lines, 523 
Ecdysiotropin, 740 
Ecdysis, 511, 523-524, 524, 759, 759, 778, 

780 
Ecdysone, 524, 644, 740 
Ecdysozoa, 219, 221, 221, 540-541, 780 
Echinacea, 909 
Echinococcus granulosus, 262-263 
Echinodermata, 869, 869, 873-876, 

873-874, 926, 
body wall of, 878 
in classification schemata, 868, 869, 

869, 870, 926 
development within, 875-876, 875 
endoskeleton in, 876 
gills of, 883 
paleontology and, 924-925, 925 
phylogeny of, 925-926, 926 
tube feet of, 873, 876, 883 
water-vascular system of, 873, 879 
See also Asteroidea; Echinoidea; 
Crinoidea; Holothuroidea; 
Ophiuroidea 
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Echinoida, 926 
Echinoidea, 896-904, 898-899, 901, 902, 

906, 926 
Aristotle’s lantern of, 902, 902, 903, 

904, 904 
development of, 908-909, 908 
irregular, 903, 905, 906, 907, 908 
reproduction in, 902, 908 

Echinometrids, 901, 909 
Echinothuroida, 909 
Echinozoa, 896, 926, 926 
Echiura, 490- 492, 490 - 495, 495 

development in, 493-494, 494, 501 
digestive tract in, 492, 493 
excretion from, 492, 493 
gas exchange and, 493 
hemal system in, 492, 493 
intestinal siphon of, 492, 493 
nervous system of, 492, 492, 493 
phylogeny of, 495, 495 
prostomium of, 490, 490, 491, 492, 492 
reproduction in, 492, 493 

Echiuridae, 494, 495, 495 
ECM (extracellular matrix), 59, 59, 60 <> # 

calcium ion concentration and, 873 
Ectocochleate, 345 
Ectocyst, 831 
Ectoderm, 60, 217 
Ectolecithal “egg,” 243, 243 
Ectoneural system, 876, 922 
Ectoplasm, 15 
Ectoprocta. SccBryozoa 
Edwardsia elegans, 130 
Effector, in neural system, 104, 105 
Efficiency, 63 
Egg, 60 

amictic, 798 
centrolecithal, 538 
dormant, 798 
ectolecithal, 243, 243 
embryonated, 243, 256. See also 
Miracidium 

mictic, 798 
resting, 244, 245, 621. See also 
Statoblasts 

summer, 244,621 
winter, 798 

Egg case, 334 
Eimeria, 46 
Ejaculatory duct, 737 
Elasipodida, 912, 914, 917 
Elephantiasis, 768, 769 
Eleutherozoa, 876-917, 925, 926, 926 
Elytra, 430, 445, 447 
Embioptera, 746, 747 
Embolus, 581 
Emboly, 107, 108 
Embryo, 60 

triploblastic, 217 
Embryonic reserve cells, 61 
Embryo sacs, 842 
Enchytraeidae, 469, 470 
Encrusting colony, 833 
Endites, 607 
Endocochleate, 345 
Endocrine system, 735 

Endocuticle,fc507, 511, 522, 523, 608, 755, 
773 

Endocyst, 831 
Endocytosis, 17, 17 
Endoderm, 60, 217 
Endogastric coiling, 302, 348 
Endopinacoderm, 80 
Endoplasm, 15 
Endoplasmic reticulum, 12 
Endopod (endopodite), 521, 545, 546, 
555-556, 607, 609, 609 

Endoskeleton, 60, 519, 522, 689 
Endosphaera, 40 
Endostyle, 931, 932, 937, 942, 945, 958 
Endosymbiosis, 19 
Endothelium, 207, 207, 296, 330, 358, 

527 
End sac, 529, 529, 599, 612, 612, 735 
End sac organs, 528-529, 529 
Enopla, 273, 279, 280, 280 
Enroll, 546 
Enrollment muscles, 295 
Ensifera, 745, 746 
Entamoeba histolytica, 54 
Enterocoely, 217, 218 
Enterogona, 951 
Enteronephridia, 464, 465 
Enteropneusta, 858-865, 858, 860, 862, 

863-864, 869, 869 
branchial channel in, 861, 862 
Chordata and, 956-958, 958 
in classification schemata, 869, 870 
coelomic system of, 859, 860, 863 
gas exchange in, 861, 862, 863 

Entodinium, 42 
Entognatha, 724, 726, 727, 730, 735, 745, 

750 
Entoprocta, 808-812 
Eoacanthocephala, 803 
Ephelota, 42, 43 
Ephemeroptera, 745 , 746 
Ephippium, 622 
Ephyra, 151, 153 
Epiboly, 107, 108 
Epicaridea, 664, 665 
Epicardium, 948 
Epicuticle, 507, 511, 522, 523, 560, 607, 

641, 667, 703, 733, 735, 755, 758, 773 
Epidermal cords, 759 
Epidermal lines, 361 
Epidermal replacement cells, 234 
Epidermis, 100, 113, 217, 284, 369, 521, 

522, 524, 754, 759, 760, 770, 773, 776, 
778, 785, 778 

stratified, 852 
Epigastric furrow, 573 
Epigynum, 572, 581, 581 
Epimeron (epimera), 654 
Epimorphic development, 614, 709 
Epineural canal, 889 
Epipharyngeal groove, 937 
Epiphragm, 330 
Epipods, 607, 609 
Epistome, 817 
Epithelial tissue, 99, 99 

adhering junctions of, 99, 100 

compartmentalization and, 100, 114, 
202, 203 

pseudostratified, 205 
Epithelioid tissue, 80, 82 
Epitheliomuscular cells, 103, 103 
Epithelium, 59, 59, 99-100 

eutelica, 511 
oikoplast, 956 
olfactory, 361 

Epitoky, 435-438, 438-439 
Epitonioidea, 339 
Equilibrium receptors, 532 
Equivalve shell, 368 
Eriophyoidea, 593 
Esophageal 

glands, 295 
pores, 861 

Esophagus, 204, 285, 287, 288, 530 
Esthetes, 296, 297 
Etching cells, 90 
Eucestoda, 259-263 
Euchelicerata, 600, 600 
Eucrustacea, 694, 694 
Eudoxids, 171 
Euechinoida, 909 
Euglena, 27, 27-28, 28 
Euglenoidea, 27-28, 27-28, 55 
Euglenoid movement, 27 
Euglenozoa, 27-30, 54, 55, 55 
Euglypha, 46, 47, 48 

reproduction in, 54, 54 
Euhirudinea, 471-472, 472, 473, 
479-480, 481, 482, 482 

body wall of, 473, 474 
clitellum in, 471-472, 477 
coelomic system in, 473, 474, 474 
digestive system in, 475, 476, 477 
estivation in, 471 
excretory system of, 475, 475 
feeding by, 475, 477 
locomotion in, 474-475, 474 
nervous system in, 472-473, 472 
reproduction by, 477-478, 478-479 
sense organs and, 473-474 

Eukaryota, 55, 55 
Eukaryotes, 12, 12, 14, 19, 55 

atmospheric oxygen and, 20 
cell structure of, 12-21 
cytoskeleton of, 12-13, 13, 15 
evolution of, 19, 20, 21 
motor molecules of, 13, 15 
See also Protozoa 

Eulamellibranchia, 377, 378, 378, 398, 
399, 401, 402, 402, 403 

Eulimoidea, 328, 339 
Eumalacostraca, 668, 668 
Eumetabola, 747, 750 
Eumetazoa, 77, 95, 99, 100, 194, 194 

development of, 107-108, 107 
growth of, 108-109, 108 
phylogeny of, 194 

Eumollusca, 406 
Eunicida, 446-448 
Eunicidae, 446 
Euphausiacea, 626, 651, 651, 668, 668 
Euplatyhelminthes, 245, 250, 250 
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Euplectella aspergillum, 81, 83, 85 
Euplokamis dunlapae, 186 
Euplotes, 38, 42 

macronucleus of, 41 
Eurhamphaea vexilligera, 183 
Eurypterida, 564-565, 564, 595, 596 
Eurystome, 837 
Eurystomata, 834, 836, 837, 845 
Eusociality, 743 
Euspiralia, 220, 220 
Eutardigrada, 514, 515 
Eutely, 511, 753 
Euthyneura, 331, 332, 335, 340 
Everted ocellus, 107 
Evisceration, 916 
Excitatory neurons, 526 
Exconjugants, 41 
Excretion, 212 

secretion in, 212, 213 
Excretory canal system, 639, 764 
Excretory gland, 763 
Excretory tubule, 639 
Excurrent canals, 80 
Exhalant 

aperture, 295 
chamber, 286, 368, 372 
siphon, 368, 380, 385, 385 

Exites, 607 
Exocuticle, 507, 511, 522, 523, 607-608, 

755, 773 
Exocytosis, 17 
Exogastric coiling, 302, 348 
Exophthalmia, 7, 7 
Exopinacoderm, 80 

phagocytosis by, 87 
Exopod (exopodite), 521, 607, 609 
Exoreceptors, 521, 532-537, 555, 545, 

546, 555-556, 609 
mechanoreceptors as, 643 

Exoskeleton, 60, 521-525, 522, 524, 778, 
817 

hemocoel and, 206 
zooecium as, 831 
See also Articles 

Explosive cells, 611 
Extention-retraction cycle, 202 
Extensors, 525 
Extracellular digestion, 100 
Extracellular matrix (ECM), 59, 59, 60, 

753, 802, 810, 821 
calcium ion concentration and, 873 

Extrapallatial space, 371 
Extratentacular budding, 135 
Extrinsic eye muscles, 361 
Extrusomes, 36, 36 
Exumbrella, 113 
Exuvium, 511 
Eye lobe, 545 
Eye(s), 107 

apposition, 535, 556-557 
arachnid, 563, 564 
chilopod, 708 
compound, 534-536, 556-557 
crustacean, 613 
crystalline cone in, 535, 556-557 
diplopod, 716 

hexapod,736 
holochroal, 546 
main, 578 
naupliar, 613, 614 
pseudofaceted, 708 
schizochroal, 546 
secondary, 578 
superposition, 535-536, 556-557, 537 
trilobite, 545-546 
See also Ocellus (ocelli) 

Eyespot, 27, 876 
Eye stalks, 332 
Eye tubercle, 589 
Eye worm, 768-769, 769 

F 
Facet, 535 
Facetotecta, 676 
Facial sutures, 545 
Fan tail, 7, 7 
Fans, 449 
Farrea sollasii, 84 
Fascioles, 908 
Fat body, 527, 715, 732, 732 
Fecal pellets, 288 
Feeding basket, 651 
Feeding funnel, 861 
Feeding rosette, 861 
Feeding stage, 812 
Femur, 726 
Fertilization, 60 

internal, 216 
Fiber syncytium, 94 
Filariasis, 768, 769 
Filarioids, 768 
Filibranchia, 377, 378, 398, 399, 401, 402, 

402, 403 
Filifera hydrozoans, 167 
Filiform tentacles, 159 
Filistatidae, 583 
Filopodia, 46, 47 
Filospermoidea, 786 
Filter feeding, 77 
Filter press, 635, 636, 656 
Final urine, 212 
Fin box, 936 
Fin rays, 851, 936 
Fins, 851, 932 

dorsal, 934 
ventral, 934 

First intermediate host, 251 
Fission, 25, 26, 60 

binary, 25 
multiple, 25 
transverse, 41, 41 

Fissurellidae, 339 
Five segments, 7, 7 
Fixed-length budding, 115 
Fixed parenchymal cells, 234 
Flabellifera, 663, 665, 664, 665 
Flabelligeridae, 452 
Flabellum, 555, 556 
Flagella, 12, 15, 15-16, 16, 24, 24, 102 
Flagellar band, 126 
Flame bulb, 214 
Flame cell, 214 

Flap valves, 352 
Flexors, 525 
Floatoblasts, 844 
Florianella bipolaris, 229 
Flosculariacea, 799 
Flukes. Sc^Digenea 
Foliaceous colonies, 833 
Follicle, 91 
Follicle cells, 416 
Food channel, 728, 861 
Food groove, 378, 546 
Food vacuoles, 17 
Foot, 284, 791 
Foraminifera, 47-49, 53 

shuttling in, 24 
tests of, 47-49, 49 

Foraminiferan ooze, 52 
Forcipulata, 889 
Forcipule, 705, 705 
Foregut, 203 
Forelegs, 726 
Forewings, 726 
Fracture plane, 649 
Fragmentation, in reproduction, 60 
Free ovaries, 802 
Frontal cilia, 286 
Frontal glands, 229 
Frontal horns, 683 
Frontal lamella, 286 
Frontal margin, 286 
Frontal membrane, 837 
Frontal surface, 832 
Frustule, 172 
Fruticose colony, 114, 115-116, 833 
Fulcrum, 794 
Functional compartmentalization, 63, 

202 
Functional principles, 2 
Fungiidae, 133, 136 
Funicular system, 837 
Funiculus, 831 
Funnel, 344 
Fusion, medial, 531 
Fusules, 51-52 

G 
Gadilida, 404, 406 
Galls, in plants, 741 
Gammaridea, 655, 655, 657-658 
Gamogony, 43 
Gamont, 43 
Ganeshida, 192 
Ganglion (ganglia), 118, 289, 531 

buccal, 289 
cerebral, 289, 949 
cerebropleural, 396 
esophageal, 289 
medial fusion of, 531 
optic, 360 
pedal, 289 
pleural, 289 
pleurovisceral, 360 
siphonal, 397 
stellate, 360 
subesophageal, 532 
supraesophageal, 331, 531, 532 
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thoracic, 532 
visceral, 289 

Ganglioneura, 406 
Gap junctions, of epithelial tissue, 99, 100 
Gastric filaments, 148 
Gastric hemal ring, 886 
Gastric hemal tufts, 886 
Gastric mill, 635, 636 
Gastric pockets, 148 
Gastric pouches, 152 
Gastric shield, 288 
Gastrodermal tube, 139 
Gastrodermis, 100, 100, 113, 217 
Gastropoda, 300-343, 406, 406 

ancestral, 300, 306, 308, 310 
burrowing by, 314 
in classification schemata, 284,-298, 
300-301 

coiling and, 301, 302, 302 
desiccation and, 329 
development of, 335-337 
digestion by, 318, 320 
estivation in, 330 
excretion by, 328-329 
eyes In, 331-332, 442 
feeding in, 316 

carnivorous, 324-327 
deposit, 327, 327 
herbivorous, 322-324 
suspension, 327, 328 

foot of, 313 
genital duct of, 333 
gut in, 316, 318-319, 320-321, 320 
homing abilities in, 314 
internal transport within, 330-331 
locomotion by, 313-315, 314, 315 
nervous system in, 303, 303, 331, 
331-332 

osphradia in, 332-333 
parasitic, 328, 329 
pelagic, 315-316, 318 
radula of, 319-320. See afooRadula 
reproduction and, 333-335 
sanitary ventilation and, 304-308, 306, 

307, 308-309 
scavenging, 327 
sessile, 315, 316 
shell of, 302, 302, 304, 305, 309-310, 

311, 311, 313 
siphon in, 301, 307-308, 310 
statocysts in, 332 
symbiosis in, 323 
tentacles of, 332, 333 
threat behavior in, 310-311, 311 
torsion in, 301-302, 302-303, 
303-304 

Gastrotricha, 753-757, 753-754 
body wall of, 754, 754-755, 755 
in classification schemata, 780, 780 
innervation in, 755-756 

Gastrovascular system, 210 
Gastrozooid, 161 
Gastrula, 60, 107, 107 
Gastrulation, 60, 107, 108 
Gecarcinidae, 641 
Gemmules, 90, 90 

Genae, 545 
Genal spines, 545 
Gene expression, and segmentation, 422 
Geniculate appendages, 671 
Genital duct, 333 
Genital hemal ring, 886 
Genital hemal sinus, 886 
Genital operculum, 556 
Genital radial canals, 886 
Genital radial hemal vessels, 886 
Genital ridges, 859 
Genital ring canal, 886 
Genital sacs, 493 
Genital segments, 422 
Genital wings, 859 
Geodia, 84, 93 
Geophilomorpha, 703, 704, 706, 707, 708, 

709 
Germarium, 242, 242 
Germinal zone, 765 
Germ line, 254 
Germovitellarium, 242 
Gestating, 62, 216 
Gestation (gestate), 509, 664, 828, 840 
Giant axons, 200 
Giant buds, 844 
Giant motor axons, 360 
Giardia, 31, 32 
Gill bar, 861, 937 
Gill filaments, 286 
Gills, 286, 294, 530 

bailer, 637 
bipectinate, 285, 286 
book, 530, 560-561 
dendrobranchiate, 637, 638 
eulamellibranch, 377, 378, 378 
exhalant chamber, 637 
filamentous, 637, 638 
filibranch, 377, 378 
inhalant chamber, 637 
lamellar, 637, 638 
lamellibranch, 375-377, 375, 377-379, 

380 
molluscan, 285, 286 
monopectinate, 286 
peristomial, 904 
phyllobranchiate, 637, 638 
pores, 859 
pseudolamellibranch, 377 
tracheal, 735 
trichobranchiate, 637, 638 

Gill slits, 937 
Girdle, 292 
Gizzard, 838, 839 

bryozoan, 838 
oligochaete, 461 

Glabella, 544, 545 
Glabellar furrows, 545 
Gland filter, 636, 636 
Glenodinium cinctum, 34 
Globigerina, 48-49, 49 
Globigerinoides, 49, 49 
Globin, 210 
Glochidium larva, 399, 400, 401 
Glomerulus (glomeruli), 212, 863 
Glossoscolecidae, 464, 470, 471 

Glossosiphoniidae, 475, 478, 479, 480 
Glutathione, and Cnidaria feeding, 121 
Glyceridae, 429, 443, 445, 446 
Glycocalyx, 13, 14 
Gnathifera, 220, 220, 221, 221, 785 

phylogeny of, 804, 804 
See also Gnathostomulida; 
Micrognathozoa; Syndermata 

Gnathiidea, 663-664, 665 
Gnathobase, 545, 546, 547, 555-557, 560, 
565-566, 568, 573, 588, 589, 607, 609, 
609 

Gnathobdelliformes, 475, 480, 482, 482 
Gnathochilarium, 713, 713 
Gnathosoma, 591-592, 591, 594 
Gnathostomulida, 785-786, 785-787 

in classification schemata, 219, 249, 804 
Goette’s larvae, 245, 247 
Golgi bodies, 12-13 

cellular secretion and, 18, 18 
Gonactinia prolifer a, 131 
Gonad, saccate, 214, 215 
Gonadal band, 131 
Gonangium, 161, 164-165 
Gonidia, 30 
Gonionemus vertens, 161, 172 
Gonium, 30, 30 
Gonochorism, 62 
Gonocoels, 206, 288 
Gonoducts, 289 
Gonophore, 161, 164 
Gonotheca, 161 
Gonozooids, 161, 164, 953 
Gonyaulax, S3, 34 
Gordioida, 770, 772 
Gorgonacea, 141, 143-144, 144, 146, 147, 

147 
Gorgonin, 144 
Graded response, 526 
Grapsidae, 642 
Grasping spines, 851 
Gravity receptors, 105, 106, 107. See also 
Statocyst 

Green plants, 55, 55 
Gregarinea, 43-44, 46 
Ground plan, 2 
Growth zone, 291, 414 
Grylloblattaria, 747 
Guinea worm, 769, 769 
Gut, 100, 100, 203, 285, 286-288, 
530-531, 530, 754, 756, 762-763, 771, 
775, 776, 778, 787-788, 787, 793-795, 
794, 802, 810, 810, 813, 813, 818, 819, 
827, 838, 839, 839 

ascending limb of phoronids, 819 
bilaterian, 203-205, 204, 204t 
cavity, 100 
descending limb of phoronids, 819 

Gymnodinium, 33, 34 
Gymnolaemata, 830, 831, 832, 838, 845 
Gymnosomata, 341 

H 
Haemadipsidae, 480 
Haematozoea, 46 
Halammohydra, 172, 173 
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Haliclona, 85, 86, 93 
sexual reproduction in, 91 

Halicryptidae, 775 
Halicryptomorpha, 775 
Haliotis, 305, 306, 307, 313, 330, 338 

radula in, 321 
Haloclava producta, 129, 131 
Haloc.ordyle, 159, 160, 161, 163 
Halteres, 727 
Haplocnemata, 596, 596, 597 
Haploid-diploid codominant life cycle, 25 
Haploid-dominant life cycle, 25-26, 26 

See also Parthenogenesis 
Haplopharyngida, 246 
Haplopoda, 619, 624 
Haptocysts, 39, 39 
Haptor, 257, 257 
Haptoria, 42 
Harpacticoida, 669, 671, 671, 673, 674 
Harvestmen, 588-590, 589 
Hatching stage, 291, 614 
Hatschek’s nephridium, 938 
Hatschek’s pit, 936 
Head capsule, 724 
Heartbeat reversal, 946 
Heart-kidney complex, 289, 858 
Hearts, 207 
Heartworm, 768 
Hectocotylus, 363, 363, 364 
Helical musculature, 200 
Heliophrya, 42, 43 
Helioporacea, 142, 143, 147, 147, 148 
Heliozoa, 51-52, 52-53, 55 
Helix, 323-324, 525, 329, 337 

nervous system of, 552 
reproduction in, 525, 335 

Hemal system, 203, 204t, 206, 207, 285, 
288-289, 397, 507, 508, 512, 527, 557, 
558, 561, 575, 608, 609, 611, 706, 708, 
714, 715, 732-733, 824, 827 

Hematozoea, life cycle of, 44, 44 
Heme, 210 
Hemerythrin, 210-211, 211 
Hemerythrocytes, 498 
Hemichordata, 858, 869, 869 

body wall of, 859 
Chordata and, 868, 869, 869, 956-957, 

958 
in classification schemata, 868, 869, 870 
hemal system of, 863 

Hemidesmosome, 99, 100, 225, 759 
Hemiptera, 728, 728, 737, 748 
Hemocoel, 206, 285, 288-289, 519, 
527-528, 753, 788, 790, 810, 836-837, 
836 

introvert animals and, 207 
Hemocoelia, 221, 221 
Hemocyanin, 211, 211 
Hemocytes, 207 
Hemoglobin, 210, 211, 211, 433 

See also Chlorocruorin 
Hepatic cecum (ceca), 858, 859, 937 
Hepatic region, 859 
Hermaphroditic duct, 335 
Hermaphroditism, 62 
Hesionidae, 445 

Heterocellular ovary, 242 
Heterochrony, 67-68, 68-69, 70 
Heterodonta (heterodonts), 401-402, 403 

shell of, 371 
Heterogony, 798-799 
Heterokaryosis, 41 
Heterolobosa, 46-47 
Heteronemertea, 279, 280, 280 
Heteronomy, 518 
Heterophrys, 52, 53 
Heteropoda, 339 
Heteroptera, 748 
Heterostropha, 340 
Heterotardigrada, 514 
Heterotrophs, 19 
Heterozooids, 834, 834 
Hexacorallia. See Zoantharia 
Hexactinellida, 80, 82-83, 83, 92, 93, 93 

megascleres of, 84 
nutrient transport in, 88 

Hexamita, 31, 32 
Hexapoda, 2, 724, 726, 731 

chemical communication by, 743 
coevolution and, 740-741 
development in, 738-740, 75.9 
digestive system in, 729-732, 

731-733 
excretion from, 735 
fat body of, 732 
feeding and, 727-729, 728-730 
freezing and, 733 
hemal system in, 732-733 
nervous system in, 731, 735 
neuroendocrine molt control in, 740, 

740 
parasitism and, 741-743 
phylogeny and, 718 - 719, 719, 720, 720, 

750 
reproduction in, 736-738, 736-737 
social organization in, 743-745 
tracheal system in, 527, 528, 733-735, 

734 
Hierarchic structure, 3-4 

See also Phylogenetic tree 
Higgins larva, 776, 777 
Hindgut, 203 
Hind legs, 726 
Hind wings, 726 
Hinge, 368 
Hinge ligament, 369, 369 
Hinge teeth, 370, 370 
Hirudin, 475 
Hirudinea, 419, 478-480, 482, 482 
Hirudinidae, 471, 475, 477, 480, 482 
Hirudinomorpha, 419, 420, 420, 471-482, 

482 
Histioteuthidae squids, dimorphic eyes of, 

361 
Holaxonia, 147, 147 
Holdfast organs, 674 
Holoblastic cleavage, 60 
Holobranch, 376 
Holometabola, 738, 748, 748-749, 750 
Holonephridia, 464 
Holothurin, 915 
Holothuroida, 926 

Holothuroidea, 909-917, 909-911, 913, 
926 

Cuvierian tubules of, 915, 915 
hemal system of, 913, 914-915 
regeneration in, 916 
respiratory trees of, 913, 914 
toxicity of, 915-916 

Holotracheata, 596, 596, 597 
Homalazoa, 869 
Homalorhagida, 779 
Homalozoa, 869, 869 
Homeothermy, 66, 67 
Homocellular ovary, 242 
Homologs, serial, 518 
Homology, 3 
Homonomy, 518 
Homoplasy, 3 
Homoptera, 748 
Homoscleromorpha, 92 
Homotrema, 48, 49 
Hookworms, -768 
Hoplonemertea, 279, 280, 280 
Host, 251 
Hydatids, 263 
Hydra, 112, 116, 157, 159, 159, 166 

body wall of, 113 
ion exchange in, 122 
life cycle of, 166, 166 
locomotion in, 116, 117 
nematocyst of, 120 
regeneration in, 122 
symbiosis and, 122 
tentacles of, 159 

Hydractinia, 160, 161, 163, 167 
Hydranth, 159, 160, 162 
Hydrocoel, 875 
Hydroids, 160-161, 164 
Hydropore, 865, 865, 888, 888 
Hydrozoa, 156-157, 159-161, 159-174, 

174, 175, 175 
A-forms, 174, 174 
colonies of, 160-161 
gonads of, 159-160 
L-forms, 174, 174 
life cycles of, 161, 162, 165-166 
medusozoan life cycle of, 123, 124, 156, 

157, 159 
phylogeny of, 174, 174, 175, 175 
polyps of, 157, 159, 159-160, 176 
sexual stages of, 157 
See also Anthoathecatae (A-form) 
hydrozoans; Leptothecatae (L-form) 
hydrozoans 

Hygroreceptors, 534, 709 
Hymenoptera, 730, 737, 739, 748, 749 

social organization in, 743, 744-745 
Hyperiidea, 656, 656, 657, 658 
Hypermastigida, 32, 32 
Hyperparasitoids, 742 
Hypobranchial glands, 285, 286 
Hypochilidae, 583 
Hypodermic impregnation, 243, 786, 

798 
Hyponeural hemal ring, 886 
Hyponeural lateral canals, 886 
Hyponeural radial canal, 886 
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Hyponeural radial hemal vessel, 886 
Hyponeural ring canal, 886 
Hyponeural system, 876, 922 
Hypopharynx, 724 
Hypostome, 112, 113 

trilobite, 544, 545 
Hypostracum, 284, 369, 371 
Hyposulculus, 137, 147 
Hypotrichia, 42 

I 
I-cells, 121 
Ichthyotomidae, 448 
Idiosoma, 591, 591 
Ikedidae, 494, 495, 495 
Iliocolon, 937 
Ilyanassa obsoleta, 314, 327, 327, 333' 340 
Imaginal discs, 738 
Imago, 738 
Impingement hypothesis, 838 
Inarticulata, 824, 827, 828, 829 

valves of, 825 
Incirrata, 355, 366 
Incomplete septa, 126 
Incurrerft canals, 79 
Indeterminate growth, 77 
Indirect development, 61 
Inequivalve shells, 369 
Infracapitulum, 592, 594 
Infusoriform larva, 266 
Infusorigen, 265, 266 
Ingolfiellidea, 657, 657 
Ingression, in gastrulation, 107, 108 
Inhalant aperture, 295 
Inhalant chamber, 286, 368, 369, 372 
Inhalant siphon, 345, 368, 380, 385, 385 
Inhibitory neurons, 526, 527 
Ink sac complex, 357 
Inner budding, asexual, 813 
Inner buds, 813 
Inner lip, 309 
Inner longitudinal musculature, 200 
Innervation process, 755, 759 
Insecta, 724, 745, 750 
Insertion plate, 293 
Instar, 524, 738 
Integrins, 59 
Intercoxal plate, 671 
Intermolt, 523 
Interstitial cells, 121 
Interstitium, 210 
Interambulacral areas, 897 
Interfilamentar junctions, 376 
Interfilamentary water spaces, 286 
Interlamellar junctions, 376 
Internal membrane system, 12 
Intertentacular organ, 840 
Interzooidal pores, 836 
Intestinal groove, 288 
Intestinal region, 859 
Intestine, 204 

anterior, 295 
posterior, 295 

Intestinal vessels, 431 
Intrasyncytial lamina, 788, 792, 792, 801, 

801 

Intratentacular budding, 135 
Intromit, intromittent organ, 537-538, 

580, 581, 614 
Introvert, 202, 204, 495, 909, 910 

hemocoel and, 207 
Introverta, 780, 780 
Invagination, 107, 108 
Invertebrate diversity 

evolutionary similarities and, 2, 3 
functional principles and, 2 
hormonal systems and, 643 
reproduction and, 216 

Inverted ocellus, 107 
Iridiocytes, 362 
Iris, 360 
Ischnochitonina, 298 
Isocrinida, 924 
Isometric growth, 108-109, 108 
Isomyarian condition, 369 
Isopoda, 661-667, 661-663 
Isoptera, 743-744, 744, 747 

J 
lapynina, 745 
Jaws, 891 

in leeches, 475 
Jelly glands, 334 
Joint(s), 519, 522 
Juliformia, 712, 713, 714, 716 
Junctions, 100 
Juvenile, 61 
Juvenile hormone, 740 
Juvenile rudiment, 875 

K 
Kairomone, 834 
Kamptozoa, 808-812, 808-810, 812 

phylogeny of, 808, 811 
Karyorelictea, 42 
Kenozooids, 834, 840 
Kentrogonida, 685, 686 
Kerona, 40 
Kinetid, 35 
Kinetodesma, 35, 35 
Kinetoplast, 28, 29 
Kinetoplastida, 28-30, 29, 55 
Kinety, 35, 35 
Kinorhyncha, 778-779, 779, 780 
Kolliker’s pit (neuropore), 932, 932, 935 
Krill, 651, 651 

L 
Labellata, 596, 596, 597 
Labial kidneys, 735 
Labial palps 

in bivalves, 372, 373, 374, 374 
in hexapods, 725, 726 

Labidognatha, 583 
Labiophora hypothesis, 718, 719 

Labium, 725, 726 
Labrum, 556, 724, 725 
Labyrinth, excretory, 612, 639 
Lacinia mobilis, 652 
Lacunar system, 801 
Laevicaudata, 619, 620, 623, 624, 624 
Lamella (lamellae), 285, 286, 375, 379 

ascending, 376 
descending, 376 

Lamellibranchs, 367, 372, 372, 374, 
382-383, 385-386, 402 

boring, 391-394, 394-395 
digestive system in, 380-382, 
381-382 

eulamellibranch. See Eulamellibranchia 
feeding in, 374, 376, 377, 378, 379 
filibranch. See Filibranchia 
gills of, 375-377, 375, 377-379, 380 
labial palps in, 379, 379 
siphons in, 376 

Lancelets. See Cephalochordata 
Languets, 945 
Lappets, 150 
Larva(e), 61-62, 337-338 

acanthella, 803 
acanthor, 803, 803 
actinotrocha, 820, 821 
amphiblastula, 91, 92 
auricularia, 916, 916 
bipinnaria, 888, 889 
brachiolaria, 888, 889 
chordoid cycliophoran, 814, 814 
coeloblastula, 91-92, 91 
copepodid, 614 
cyphonautes, 842, 842 
cypris, 614, 678 
cystacanth, 803 
dipleurula, 874, 875 
doliolaria, 874, 916, 916, 922, 924 
dwarf male, 685 
echinopluteus, 908, 908 
externa, 685 
glochidium, 399, 400, 401 
Goette’s, 245, 247 
hatching stage and, 614 
Higgins, 776, 777 
holaspis, 548, 548 
infusoriform, 265, 266 
interna, 685 
kentrogon, 685 
megalops, 615 
meraspis, 547-548, 548 
metanauplius, 614 
Mueller’s, 245, 247 
nauplius, 539, 614, 614 
ophiopluteus, 895, 897 
Pandora, 814 
parenchymella, 91, 92 
pelagosphera, 499, 499 
pilidium, 278, 278 
planktonic, 61, 291 
planula, 123, 124 
primary, 691 
Prometheus, 814 
protaspis, 547, 548 
protonymphon, 539 
protozoea, 614-615 
tadpole, 940, 950 
tantulus, 676, 677 
tornaria, 864-865, 864, 868 
trichimella, 92 
trilobite, 559, 559 
trochophore, 290-291, 290, 290, 414 
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veliger, 336, 337 
vermigon, 685 
zoea, 615 

Larvacea, 955 - 956, 955 - 956 
Larval thread, 399 
Larviparous bivalves, 399 
Lateral canals, 187, 879 
Lateral cilia, 286 
Lateral line analog in squid, 361 
Lateral spines, 556 
Lattice organs, 676 
Laurer’s canal, 253-254 
Lebrunici danae, 129, 131 
Lecithoepitheliata, 247, 250, 250 
Lecithotrophic larvae, 62, 291 
Lecithotrophic nutrition, 62 
Lecithotrophs, 62 
Leishmania, 29, 29 
Lemnisci, 802 
Lepadidae, 680, 681 
Lepadomorpha, 680, 681 
Lepidopleurina, 298 
Lepidoptera, 727, 728, 728, 730, 739, 748, 

749 
Leptostraca, 626-627, 626, 668, 668 
Leptothecatae (L-form) hydrozoans, 159, 

162, 164, 165, 167t, 171-173, 174, 174 
gonads in, 160, 161, 174 
hydranths of, 160 
in phylogeny, 174 
statocysts in, 159, 174 
theca in, 161, 164, 174 

Leucocytozoon, 46 
Leuconoid design, 78, 79, 80, 81, 82 
Leucosolenia, 79, 79, 93 
Lichida, 551, 552 
Life position, 549 
Ligament 

of acanthocephalans, 802 
of crinoids, 918 
hinge, 369 
inner, 369 
outer, 369 
sacs, 802 

Light adaptation, 535 
Limb 

ascending, 376 
bud,649 
descending, 376 

Lime-twig glands, 810 
Limidae, 391, 401 
Limnomedusae, 167t, 172, 174, 174 
Limpets, 284, 305, 308, 314, 314, 315, 338 

feeding by, 321 
gills in, 307, 309 
homing abilities in, 314 
mantle grooves in, 307 
shell of, 305, 306, 308, 313 
symbiosis in, 323 

Linens, 271, 271, 272-273, 276-277, 277, 
279 

Lingulida, 824-825, 826, 829 
pedicle of, 823, 826 

Linnean categories, 4 
Linyphiidae, 583 
Lipoctena, 595, 596, 596, 597 

Lissodendoryx isodictyalis, 89, 93 
Lithobiomorpha, 703, 704, 705, 706, 708, 

709 
Litostomatea, 42 
Littorina, 330, 330, 336, 337, 339 

reproduction in, 333, 334 
Littorinidae, 322, 339 
Lobata, 189, 191-192, 193 
Lobes, 545 

axial, 545 
pleural, 545 

Lobopodia, 46, 47-48 
Lobopods, 506 
Locomotion 

bilateral symmetry and, 198-199, 
198-199 

body size and, 102-103, 109 
extension-retraction cycle of, 202, 204 
millipedes and, 714 

bark dwellers, 714 
borers, 714 
bulldozers, 714 
flat wedgers, 714 
rollers, 714 

peristalsis in, 201-202, 202 
segmentation and, 421, 421 

power stroke in, 525-526 
recovery stroke and, 526 
See also Muscle 

Loligo, 349, 357, 358, 365, 366 
brain of, 360 
color change in, 362 
development in, 365 
reproductive system of, 363, 363-364, 

364 
Long antenna, 7, 7 
Longitudinal nerve cords, 199 
Longitudinal tracheal trunks, 733 
Lophocyte, 80, 82 
Lophodeuterostomia, 220, 220, 846 
Lophogastrida, 652, 653, 653, 667 
Lophophorata, 220-221, 220, 221, 817 

in classification schemata, 219, 220, 
221, 846-847, 846 

See also Brachiopoda; Bryozoa; 
Phoronida 

Lophophore, 817, 818 
Lophophore organs, 821 
Lophotrochozoa, 219, 221, 221, 541, 846, 

846 
Lorica, 24, 792 
Loricifera, 776, 777, 780 
Loxokalypodidae, 811 
Loxosomatidae, 809, 811 
Lucinoida, 386, 401-402 
Lumbricidae, 460, 461, 463, 467, 470, 471 

reproduction in, 467, 468, 469 
Lumbriculidae, 470 
Lumbricus, 459, 461, 462, 463, 463-464, 

464, 465, 470, 471 
reproduction in, 467, 467, 469, 469 

Lumbrineridae, 448 
Luminescent organs, 952 
Lungs, book, 530, 560-561, 561, 570, 571, 
577, 578, 588 

Lunules, 906 

Lycosidae, 583-584 
Lymphocytes, 947 
Lyriform organs, 563, 564 
Lysosomes, 13, 17, 17 

M 
Macrocilia, 194 
Macrodasyida, 753, 754 - 755 , 754, 756, 757 
Macroherbivores, 295 
Macrolecithal eggs, 60, 61, 291, 538, 775 
Macromeres, 60, 61 
Macronucleus, 38, 41 
Macropinocytosis, 17, 7 7 
Macrostomida, 246 

body wall of, 228 
gut of, 234-235, 236 
pharynx of, 236 
reproduction and, 241, 242 

Macrostomorpha, 246, 250, 250 
pharynx of, 237 

Macroturbellaria, 227 
Madreporic ampulla, 880 
Madreporite, 876, 880, 882 
Magelonidae, 449 
Magnetite, 295 
Magnetoreceptors, 333 
Malacostraca, 625-626, 625, 668, 668, 694, 

694 
phylogeny of, 668-669, 668 
See also Decapoda; Euphausiacea; 
Leptostraca; Pancarida; Peracarida; 
Stomatopoda; Syncarida 

Maldanidae, 428, 442, 444 
“Mallophaga,” 747, 748 
Malpighian glands, 514 
Malpighian tubules, 514, 529, 530, 561, 

562, 567, 571, 573, 578, 584, 585, 588, 
590, 594, 732, 733, 735 

Mancoidea, 667 
Mandibles, 3, 506, 606, 608, 710-711, 713, 

718, 724, 725 
Mandibulata, 3, 3, 4, 518, 520, 540, 540, 

606, 703, 719 
Manicina areolata, 135 
Mantle, 284, 285, 291, 292, 299, 345, 368, 

368, 404, 404 
cavity, 284, 285, 291, 292, 292, 294, 295, 

298, 299, 303, 308, 344, 344, 345, 351, 
368, 404, 404 

channels, 827 
epithelium, 824 

inner, 824 
outer, 824 

girdle of, 292, 294 
lobes, 824 

dorsal, 824 
ventral, 824 

margin fold 
inner, 368 
middle, 368 
outer, 368 

pallial grooves and, 284, 294 
skirt, 284, 368, 369 

Mantodea, 747 
Mantophasmatodea, 747 
Manubrium (manubria), 112, 113, 794 
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Margaritiferidae, 394-395, 401 
Marginal plates, 876 
Marsupium, 399, 652, 652 
Mastax, 793-794, 793, 794 
Mas tax ganglion, 796 
Mastigonemes, 24, 24 
Mating thread, 582 
Matrotrophic nutrition, 62 
Maxillae (maxilla), 606, 705, 705, 706, 

711, 713, 724-726, 725 
Maxillary glands, 528-529, 612 
Maxillary palp, 725, 726 
Maxillipeds, 606, 607 
Maxillopoda, 669, 693, 693, 694, 694 

phylogeny of, 692, 693 
See also Ascothoracida; Branchiura; 
Cirripedia; Copepoda; Mystacocarida; 
Ostracoda; Tantulocarida 

Mechanoreceptors, 533 
Mecoptera, 739, 749, 749 
Medial fusion, of paired ganglia, 531 
Median layer, 758 
Medulla, of actinopods, 51, 51 -53 
Medusa, 112, 113 

buds, 161 
musculature in, 116, 116, 118 
nervous structure of, 117, 118 
skeleton in, 115, 116 

Medusozoa, 124, 148, 174, 174, 175, 
175 

phylogeny of, 174 
Megalesthetes, 296 
Megaloptera, 739, 748-749 
Megascleres, 84, 85 
Megascolecidae, 464, 467, 470, 471 
Megoperculata, 596, 596, 597 
Mehlis’s gland, 253, 255 
Meiopriapulomorpha, 775-776 
Membranelle, 36, 38 
Membranous sac, 836 
Mercenaria, 368, 370, 371, 385, 388, 401 
Meridional canal, 187 
Mermaid’s penny, 48, 49 
Mermithida, 763, 764, 770 
Meroblastic cleavage, 60, 538, 538 
Merochaeta, 711, 712, 713, 714, 716 
Merogony, 44-45, 44 
Merozoite, 43 
Mesenchyme, 101 
Mesentery, 206 

ventral, 821 
Mesentoblast, 216, 218 
Mesocoel, 817, 831, 858 

ducts, 859 
pores, 866 

Mesoderm, 108, 217 
Mesodermal band, 218-219, 218, 291 
Mesodinium, 41, 42 
Mesogastropods, 301, 307, 339 
Mesoglea, 101, 113, 184 
Mesohyl, 80, 82, 87, 88, 101 

reproduction and, 90-91 
Mesolecithal eggs, 60, 61 
Mesopodium, 313 
Mesosoma, 555 
Mesosome, 817, 830, 858 

prokaryotic, 12, 19 
Mesotardigrada, 510, 514 
Mesothelae, 571, 572, 573, 578, 581, 582 
Mesothelium, 205, 217 
Mesothorax, 726 
Mesozoa, 263-264 
Metabolic rate, 65-66, 67 
Metabranchia, 401, 402, 402, 403 
Metacercaria, 251-252, 252-253, 254t 
Metacestode, 260 
Metachronal waves, 16, 17 
Metacoel, 817, 831, 858 
Metameria, 956, 957, 957 
Metamorphosis, 61, 738 - 740, 739 

pentamerous symmetry and, 875-876, 
875 

Metanephridia, 212, 212, 213, 289, 
528-529, 529 

Metanephridial system, 213, 213 
Metapleural folds, 934 
Metapodium, 313 
Metasoma, 555 
Metasomal sac, 821 
Metasome, 817, 831, 858 
Meta thorax, 726 
Metatroch, 290, 290 
Metazoa, 55, 59 

atmospheric oxygen and, 20 
cold-blooded versus warm-blooded, 66, 

67 
development of, 61 -62, 62 
origin of, 70-71, 71 

polarity and, 71-72, 72 
reproduction of, 60-61, 61, 62 
tissues of, 59-60, 59 

Micresthetes, 296 
Microcarnivores, 405 
Microcerberidea, 663 
Microciona prolifera, 80, 92, 93 
Microblaments, 13 
Micrognathozoa, 786-788, 787, 804 
Microlecithal eggs, 60, 61 
Micromeres, 60, 61 
Micronemes, 43 
Micronucleus, 41 
Microphagous browser, 286 
Micropinocytosis, 17,17 
Micropore, 43 
Micropyles, 90, 738 
Microsclere, 85 
Microsporidia, 46 
Microtriches (microthrix), 260 
Microtubule organizing center (MTOC), 

16 
Microtubules, 13 
Microturbellaria, 227 
Mictacea, 660, 667 
Middle legs, 726 
Mid-dorsal pharyngeal bulb, 461 
Midgut, 203 
Midsagittal plane, 197, 198 
Miliolina, 49 
Millepora, 160, 166, 168 
Millericrinida, 924 
Mimetidae, 583 
Minchinella, 85, 93 

Mineralization, 521 
Minyas, 130 
Miracidium, 251, 253, 254t, 256 

hooked,257, 258 
Misophrioida, 669, 674 
Mitochondria, 12, 21 
Mixopod, 607 
Mixotricha paradoxa, 32 
Mnemiopsis, 185, 185-186, 189, 192, 193 
Modular growth, of Eumetazoa, 108-109, 

108 
Molgulidae, 948, 951, 952, 952 
Mollusca, 284, 406, 500, 500 

coelom of, 288 
cuticle in, 284, 407 
development in, 289-291 
digestive ceca of, 285, 288 
digestive systems of, 285, 286-287, 288, 

288 
excretion from, 289 
feeding in, 287-288, 287 
foot of, 286 
gills in, 285, 286 
gonocoel-pericardial connection of, 

285, 289 
heart of, 289 
internal transport within, 288-289 
kidney of, 289 
mantle cavity of, 284, 285 
nervous system of, 289 
phylogeny of, 406, 407-408 
reproduction in, 289 
shell of, 284 
Sipuncula and, 500, 501 
Trochozoa and, 407 
See also Aplacophora; Bivalvia; 
Cephalopoda; Chitons; Gastropoda; 
Monoplacophora; Scaphopoda 

Molluscan cross, 289, 291, 501 
Molpadiida, 914, 917 
Molting, 521 
Molting fluid, 523 
Molt-inhibiting hormone, 644 
Monaxon, 84, 85, 86 
Moniligastridae, 470, 471 
Monocondylic joint, 522 
Monocystis lumbrici, 43 - 44, 44 
Monogenea, 257-258, 257-259, 263, 

263 
Monogononta, 795, 796, 797, 798, 798, 

799 ' 
Monokinetid, 36 
Monomorphic colony, 161 
Monophyletic taxon, 2 
Monophyly, 3 
Monoplacophora, 284, 298, 299, 300, 406, 

406 
shell of, 284, 298, 299, 300, 302 

Monostilifera, 279, 280, 280 
Monothalamida, 49 
Monotocardian heart, 308, 338 
Monstrilloida, 669, 674 
“Mood,” of ctenophores, 187 
Mormonilloida, 669, 674 
Morphogenesis, 60 
Mosaic image, 535 
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Mother-of-pearl, 313 
Motile stages, 813 
Motormolecules, 13 
Mouth, 100 
Mouth cone, 775 
Mouthparts, 727 

chewing and sucking, 729 
cutting and sponging, 729 
piercing and sucking, 729 
sponging, 729 
sucking, 727 

MTOC (microtubule organizing center), 
16 

Mucocysts, 36 
Mucous net, 937 
Mucus, 18 
Mueller’s larvae, 245, 247 
Muggiaea, 167, 170, 171, 171 
Multiple fission, 25 
Mural plates, 681 
Muricidae, 324, 340 
Muricoidea, 340 
Muscle 

abductor, 822-823, 825 
adductor, 369, 370, 822-823, 825 
alary, 528 
anisomvarian, 369 

j 
7 

antagonistic sets of, 103, 525 
anterior direct, 726 
byssal retractor, 386 
catch, 370 
columellar, 310 
coronal, 116 
cross-striated, 103, 104 
diagonal, 230 
diductor, 825 
direct, 726 
dorsoventral, 200, 201 
extensor, 525 
fixing, 496 
flexor, 525, 918 
flight, 726 
helical, 200, 201 
indirect, 726 
intervertebral, 891 
introvert retractor, 496 
isomyarian, 369 
longitudinal, 200, 200, 201 
longitudinal indirect, 726 
lophophoral retractor, 831, 831, 837, 

838 
obliquely striated, 103, 104 
occlusor, 831, 838 
pallial, 368, 369 
parietal, 831, 837, 838 
polyneuronal innervation of, 416-417, 

526 
posterior direct, 726 
quick, 370 
radial, 859 
retractor, 127, 273 
scars, 369, 370 
siphon retractor, 385 
smooth, 103, 104 
spindle, 497 
tarsos, 313 

transverse, 935 
vertical indirect, 726 
See also Acdn; Dynein; Myosin 

Musculature, 200 
Mutelidae, 401 

larva of, 399 
Mycale laxissima, 88 
Mygalomorphae, 571, 577, 578, 578, 581, 

583 
Myiasis, 741-742 
Myocoel, 936 
Myocyte, 80, 103, 103 
Myodocopa, 688, 689 
Myoepithelial cells, 103, 103 
Myoglobin, 211 
Myoida, 402 
Myomere, 935 
Myomyarian condition, 369 
Myonemes, 37 
Myopsida, 366 
Myosepta, 935 
Myosin, 13 

in ameboid movement, 15 
Myriapoda, 703, 718-720, 719, 720 
Mysida, 652, 653, 653 
Mysidacea, 652-654, 653, 667 

statocyst in, 653 
Mystacocarida, 613, 614, 674-675, 676, 

692, 693, 693 
Mytilidae, 386, 387, 392, 401 

gills of, 379 
Mytilus, 377, 382, 388, 391, 398, 399, 401 

gill of, 377 
Myxobolus, 173, 174 
Myxosporidia, 23, 46 
Myxozoa, 23, 55, 173-174, 173 
Myzostomida, 445-446 

N 
Nacre, 313, 371 
Nacreous layer, 313 
Naegleria, 47 
Naididae, 470 
Nanaloricidae, 776 
Narcomedusae, 172, 172 
Nassophorea, 43 
Naticidae, 324 
Naticoidea, 339 
Natural system, 2 
Nauplius larva, 539, 614, 614 
Nautiloidea, 346, 365, 366, 366, 367 
Nautilus, 346, 346, 353, 356, 357, 361, 362, 

365 
breeding in, 364 
eyes of, 361 
osphradia in, 362 
shell of, 344, 346, 348, 365 

Neck, 259 
Nectonematoida, 770, 771, 772 
Nectophores, 168-169 
Nemathelminthes, 220 
Nematocysts, 119, 119, 121 

hydrozoan, 156-157 
nudibranchs and, 326-327 
stenotele, 120 

Nematocyte, 112, 113, 119, 119 

Nematoda, 757 - 770, 758, 760, 780 
body wall of, 757-759, 759-760 
caudal gland in, 757, 762 
development in, 766, 767 
digestive system in, 760, 762-763, 

762- 764 
excretion from, 763, 764, 764 
locomotion of, 761-762, 761 
nervous system in, 759, 760, 761 
parasitism by, 766-769, 767-769 
parthenogenesis in, 766 
reproduction of, 764-766, 765-766 

Nematogen, 265, 265 
Nematoida, 780 
Nematomorpha, 770-772, 770-771 

in classification schemata, 780, 780, 781 
Nematophora, 711, 716, 717 
Nematophores, 161, 162 
Nemertea, 220, 220, 221, 221, 271-280, 

271, 280 
armed, 273-274, 274, 275 
body wall of, 272, 272 
cerebral organs of, 276, 277 
development in, 278, 278 
digestive system in, 275 
excretory system of, 275-276, 276 
feeding by, 274-275, 275 
internal transport in, 275, 276 
locomotion in, 272, 273. See also 
Monostilifera 

nervous system in, 272, 276 
phylogeny of, 279-280, 280 
proboscis in, 271, 272, 273-274, 
273-274 

reproduction by, 276-278, 277 
toxicity of, 274 

Nemertodermatida, 227, 243, 243, 245, 
250, 250 

Neoblasts, 234 
Neocarida, 668, 668, 669 
Neocribellatae, 583 
Neodermata, 249, 250, 250, 251, 251, 263, 

263 
phylogeny of, 263, 263 

Neodermis, 249, 251 
Neogastropoda, 301, 307, 339, 340 

digestion in, 320 
osphradia in, 333, 340 

Neoloricata, 298 
Neomeniomorpha, 291, 292, 292, 406, 406 
Neoophora turbellarians, 242-243, 242, 

244, 245, 246, 247, 250, 250 
Neoptera, 745, 750 
Nephridia, 212 

filtration, 212 
saccate, 508, 528-529, 529, 557, 558, 

561, 567, 571, 578, 584, 585, 588, 
590, 594, 599, 606, 620, 627, 653, 
711, 735 

Nephridiopore, 212 
Nephrocoel, 206 
Nephrocytes, 529-530, 948 
Nephromyces, 948 
Nephropidae, 630 
Nephrostome, 212 
Nephtyidae, 445 
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Nereidae, 443 
Nereis, 422, 424, 425, 427, 428, 433, 

443 
excredon by, 434, 435 
reproducdon and, 436, 439, 439 

Neridmorpha, 339 
Neural gland, 949 
Nerve commissures, 233, 289, 296 
Nerve cords 

dorsal hollow, 931, 932 
longitudinal, 199, 532 
pedal, 289 
visceral, 289 

Nerve impulse, 104 
Nerve nets, 117-118, 118 
Nervous system 

central. See Central nervous system 
(CNS) 

circumenteric connectives in, 531, 
531 

hypoathroid, 308 
medial fusion in, 531 
peripheral, 531-532 
polyneuronal innervation in, 416-417, 

52# 
somatogastric, 532 
streptoneurous, 303, 308. See also 

Zygoneury 
tetraneurous, 289 
See also Exoreceptors; Ganglion 

(ganglia); Sensory structures 
Neuroglobin, 211, 276 
Neuromere, 289, 531 

See also Ganglion (ganglia) 
Neuromuscular system, 104-105, 105, 

526 
Neurons, 104, 526 

inhibitory, 526, 527 
Neuropil, 289, 531 
Neuropodium, 423 
Neuropore (Kolliker’s pit), 864, 932, 932, 

935 
Neuroptera, 739, 748, 748 
Neurotransmitter, 104 
Nicotine, and insects, 741 
Nidamental glands, 363 
9 X 2 + 2, 15 
9 X 3 + 0, 15 
N. N. (Nomen nominandum), 4, 780, 804, 
846,869 

Noctiluca, 33, 34 
Notaspidea, 341 
Notochord, 931, 931, 934, 935 
Notochordal sheath, 935 
Notornmatidae, 795, 799 
Notopodium (notopodia), 418, 422-423, 

432 
aliform, 449 

Notostigmata, 595 
Notostraca, 619, 619, 620, 623, 624, 624, 

625 
Nuchal organs, 426, 428 

in aeolosomatids, 470 
Nuclear dimorphism, 41 
Nucleus, 12 
Nuculoida, 401, 402 

Nudibranchia (nudibranchs), 317, 
326-327, 337, 341 

Nymph, 738 

O 
Obelia, 160, 161, 162, 165, 171 
Ocellus (ocelli), 106, 107 

arthropod, 534, 564 
everted, 107 
inverted, 107 
pigment cup, 107 
pigment spot, 107 
See also Eyes 

Ocelli 
bivalves, 397 
rotifer, 796 

Octoannelida, 7, 7 
Octocorallia. See Alcyonaria 
Octopoda, 349, 366, 366, 367 

See also Cirrata octopods 
Octopodiformes, 366, 366, 367 
Octopus, 343, 349, 350, 753, 355, 357, 365, 
366 

radula of, 356, 356 
reproduction in, 363-364 
vision in, 361, 361 

Ocular plates, 897 
Ocypodidae, 641 
Odonata, 737, 745, 746 
Odontophore, 287, 287, 288 
Oegophiurida, 895 
Oegopsida, 352, 364, 366 
Oenonidae, 448 
Oligochaeta, 419 - 420, 420, 459, 461, 463, 
469-471,482 

body wall of, 459, 461 
calcium carbonate and, 461-462 
coelom in, 459 
cuticle in, 459, 464 
development of, 469 
diapause in, 466 
digestive tract of, 461-462, 463, 464 
encystment in, 465 
excretion from, 462, 463, 464-465, 465 
feeding in, 460-461, 464 
gas exchange in, 462-463, 464 
hemal system in, 462, 463, 463 
locomotion by, 460, 462 
nervous system of, 460, 463 
pharyngeal pad of, 461, 464 
phylogeny and, 482, 482 
reproduction of, 461, 463, 466-467, 

466-469, 469 
Oligoclado floridanus, 226, 230 
Oligohymenoporea, 43 
Oligotrichia, 42 
Olynthus, 91, 92 
Ommatidium (ommatidia), 534-535, 
536-537 

arachnid, 563, 564 
Oncomiracidium, 257, 258 
Oncosphere, 260, 261 
Oniscoidea, 661, 662, 663, 666, 667 
Ontogeny, 60-61 

phylogeny and, 67-68, 68-69, 70 
Onuphidae, 447-448 

Onychophora, 505-506, 505-507, 
509-510, 540, 540 

body wall of, 506, 506-507, 507 
development in, 509 
excretory system of, 507, 508 
eyes in, 509 
feeding by, 508 
gas exchange within, 508 
gut of, 507, 508 
hemocoel of, 507, 507, 508 
nervous system of, 507, 508 
phylogeny of, 509-510 
reproduction of, 505, 507, 509 
slime glands of, 506, 507-508, 507 
Tardigrada and, 515, 539 

Onychopoda, 619, 624 
Onycoteuthidae, 353 
Oocyte, 80, 82 
Ootype, 253 
Open spindle, 25 
Operculum (opercula) 

in Bryozoa, 831, 834, 835, 838 
in Chelicerata, 556, 556, 558, 585, 585 
in cnidarians, 119, 120 
in Crustacea, 639, 662, 666, 671, 680, 

682, 685, 831-832 
in gastropods, 304, 309, 310, 311, 342 
in isopods, 666 
in Myriapoda, 716 
in polychaetes, 453 

Opheliidae, 442 
Ophiurida, 896 
Ophiuroida, 926 
Ophiuroidea, 890-896, 891-894, 897, 

926 
feeding by, 893, 894-896 
vertebra of, 890, 890, 891, 892, 893 

Opilioacarida, 595 
Opiliones, 588-590, 589, 596, 596 

feeding in, 588-590 
reproduction in, 590 

Opisthobranchs (Opisthobranchia), 300, 
301, 317, 340-341 

carnivorous, 326-327 
detorsion in, 303, 304, 340 
jaws in, 319 
reproduction in, 335, 336 

Opisthogoneata hypothesis, 718, 719 
Opisthokonta, 54, 55, 55 
Opisthorchis sinensis, 252, 255-256 
Opisthosoma, 555 
Optic nerve, 535 
Oral-aboral axis, 112 
Oral arms, 148 
Oral ciliature, 34 
Oral cirri, 934 
Oral cone, of ascothoracidans, 676 
Oral disc, 113 
Oral hood, 934 
Oral lamellae, 866 
Oral lobes, 187 
Oral shield, 292, 865 
Oral style, 778 
Oral sucker, 251 
Oral surface, 876 
Orbiniidae, 442 
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Organelles, 12, 12 
evolution of, 19, 20, 21 

Organs, 91, 106 
Oribatida, 592, 595 
Orthognatha. See Mygalomorphae 
Orthogonal pattern, 101 
Orthonectida, 263, 264-265 

phylogeny of, 266 
Orthoptera, 725, 737, 745 
Orthopteroids, 745 
Oscarella lobularis, 91 
Osculum, 79 
Osphradium (osphradia), 285, 286, 292, 

296, 298, 301, 331, 332-333, 398, 405 
Ossicles, 876-878, 879-880 
Ostium (ostia), 78, 79, 80, 82, 508, 528, 
561, 573, 573, 585, 588, 590, 608, 620, 
621, 627, 651, 653, 658, 659, 690, 708, 
711, 715, 733 

Ostraca, 694, 694 
Ostracoda, 614, 687-690, 688, 692, 693, 

693 
bioluminescence of, 690 

Ostracum, 284, 369, 371 
Ostreidae, 389, 401 

gills of, 379 
larva of, 399 

Otic capsules, 361 
Ototyphlonemertes, 277, 279 
Outer circular musculature, 200 
Outer lip, 309 
Outgroup comparison, 5, 7 
Ovarioles, 736 
Ovary 

heterocellular, 242-243, 242 
homocellular, 242 

Oviductal gland, 363, 683 
Oviparous species, 62 
Opposition, 335 
Ovitestis, 335 
Oweniidae, 452 
Oxygen transport, 210-211, 211 
Oxymonadea, 32 
Oxyopidae, 584 

P 
Paddle foot, 7, 7 
Paedomorphosis, 68, 68-69, 70 
Palaeacanthocephala, 804 
Palaemonidae, 639 
Palaeocopa, 689 
Palaeocribellatae, 583 
Palaeoheterodonta (paleoheterodonts), 
401, 403 

shell of, 371 
Palaeonemertea, 279, 280, 280 
Paleoloricata, 298 
Paleotaxodonta, 401 
Pallial duct, 333, 333 
Pallial eyes, 397 
Pallial grooves, 284, 294 
Pallial line, 368 
Pallial muscles, 368 
Pallial nerves, 368 
Pallial sinus, 370, 385 
Pallial tentacles, 397 

Pallium, 284 
Palmella, 33 
Palpata, 442-443, 445-457, 459, 459 
Palpigradi, 584, 584, 596, 596 
Palythoa, 136, 137, 138 
Panarthropoda, 221, 221, 505, 518, 539, 

540, 540 
Pancarida, 626, 651-652, 668, 668 
Pancreas, 357 
Pantopoda. See Pycnogonida 
Papillae, 187, 506, 892 

adhesive, 131 
crural, 506 
oral, 506 
solid, 131 

Parabasalea, 32 
Paraflagellar body, 27 
Parallel circuit, 208 
Paramecium, 39, 43 

cellular communication in, 19 
conjugation and, 42 
cyclosis in, 18, 24 
digestion by, 40 
locomotion of, 36, 37, 37 
macronucleus of, 39, 41 
oral structures of, 37 
pellicle of, 35 
trichocyst of, 35-36, 36, 39 
vacuole discharge of, 24, 41 

Paramecium bursaria, 40-41 
Paramecium caudatum, 41-42, 42 
Paramylon, 28 
Paramyosin, 264 
Paranemertes, 271, 274, 278, 279 
Paraneoptera, 747, 747, 750 
Paranotum (paranota), 713, 713 
Paranthus rapiformis, 128 
Parapet, in Actiniaria, 125, 131 
Paraphyletic taxon, 3 
Parapodia 

pelagic gastropod, 315-316, 318, 319, 
340 

polychaete, 416, 418, 422-423 
Parapodial vessels, 431 
Parasegment gene expression, 422 
Parasites, 

one host, 767, 768 
two hosts, 768, 769 

Parasitiformes, 595 
Parasitism, 741-742 
Parasitoidism, 742-743 
Paratomella rubra, 230, 230, 234 
Paratomy, 240, 241 

segmentation theory and, 420 
Paraxial rod, 27 
Parazoa, 99 
Parenchyma, 234 
Parenchymella larva, 92 
Parsimony, 4 
Parthenogenesis (parthenogenetic), 60, 
620-622, 676, 756, 764, 796, 798 

amictic eggs and, 798 
Digenea life cycle and, 255 

Parturial molt, 658 
Patella, 307, 314, 331-332, 332, 337, 338 

radula teeth of, 321 

Patellogastropoda, 338 
Pauropoda, 718, 718, 720 
Pavilion (pavilion), 404, 404 
Paxillae, 877, 879 
Paxillosida, 889 
Pearls, 371 
Pectinariidae, 452 
Pectinidae, 391, 401 

gills of, 379 
Pedal disc, 113, 124 
Pedal glands, 334, 791 
Pedal groove, 291 
Pedal hemocoel, 286 
Pedal laceration, 131, 131 
Pedal pit, 292 
Pedal retractor muscles, 286 
Pedicel, 159, 162, 560, 572 
Pedicellariae, 877-878, 880 
Pedicellinidae, 811 
Pedipalpal endite, 573 
Pedipalps, 555 
Pediveliger juvenile, 401 
Pedomorphosis, 68, 68-69, 70 

Bilateria and, 222 
Chordata and, 959, 959 

Peduncle, 145, 146 
Pelagia, 153 
Pelagosphera, 499 
Pelecypoda. ScgBivalvia 
Pellicle, 23 
Pelomyxa palustris, 21, 46 
Pen, 349 
Penaeidea, 629, 630, 648, 648 
Penardia mutabilis, 47 
Penetration anchor, 201 
Penicillata, 711, 712, 714, 716 
Peniculida, 43 
Penis, 216, 334 
Pennaria, 159, 160, 161 
Pennatulacea, 144, 145, 146, 146, 147, 147, 

148 
Pentacrinoid, 922 
Pentaetula, 916 
Pentamerous symmetry, 873, 873 
Pentastomida, 691, 691-692 
Pentazonia, 711, 712, 714, 716-717 
Peracarida, 626, 652-667, 652, 668, 668 

phylogeny of, 667 
Peramorphosis, 68, 69, 70 
Peranema, 27, 27, 28 
Pereon, 606, 607 
Pereopods, 606, 607 
Pericardial cavity, 288 
Pericardial sinus, 508, 527-528, 527, 609, 

611, 638, 652, 658, 661, 672, 683, 689, 
708, 715, 733 

Pericardium, 296 
Periderm, 113 
Peridinin, 33 
Perihemal coeloms, 859 
Perineual sinus, 527, 528, 653, 708, 715 
Periostracal groove, 371 
Periostracum, 293, 296, 298, 311, 347, 369, 

369, 371, 404 
Peristomial membrane, 897 
Periodic squirting, in ascidians, 945 
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Periostracum, 284 
Peripatidae, 509 
Peripatopsidae, 509 
Peripharyngeal bands, 937 
Peripheral nervous system (PNS), 531 
Periphylla periphylla, 154, 157 
Periproct, 896 
Peristalsis, in locomotion, 201-202, 

202 
segmentation and, 421, 421 

Peristome, 37 
Peristomial membrane, 885 
Peristomium, 414, 414 
Peritoneum, 205, 205 
Peritrichia, 40, 43 
Peritrophic membrane, 508, 513, 530, 557, 

637, 708, 715, 731, 733 
Perivisceral sinus, 508, 527, 528, 652, 658, 

672, 689, 708, 715 
Petaloids, 906 
Ppesteria piscicida, 33 
Phacopida, 551, 551 
Phaeodarea, 52 
Phagocata, 240, 247 
Phagocytosis, 17, 17 
Phalangida, 588-590, 589 
Pharyngeal canals, 187 
Pharyngeal glands, 237, 238 
Pharyngeal plane, 184 
Pharyngeal pores, 756 
Pharyngobdelliformes, 475, 477, 482, 

482 
Pharyngotremata, 869, 869 
Pharynx, 124, 204, 204, 236 

bulbous, 236, 237 
plicate, 236, 237 
proventriculus part of, 448 
simple, 236, 237 
tnradiate, 512, 513 
zero, 236 

Pharynx bulb, of Gnathostomulida, 785, 
787 

Phascolosomatidea, 500, 500 
Phasic neuron, 526 
Phasic receptors, 643 
Phasmida, 745 
Phasmids, 761, 765 
Pheromones, 743 
Phlebobranchia, 951, 957, 957 
Pholadidae, 392, 402 
Pholcidae, 583 
Phoresy, 585 
Phoronida, 817, 817-819, 819-821, 

846 
development in, 820, 821 
hemal system of, 818, 819-821 

Phorozooids, 953 
Photocyte, 187 
Photogenic cells, 363 
Photophores, 362 
Photoreceptors, 106, 107, 534 
Phragmocone, 348 
Phreatoicidea, 663 
Phronimidae, 656 
Phrynophiuroida, 895-896 
Phthiraptera, 742, 747, 747 

Phylactolaemata, 832, 832, 834, 836, 837, 
838, 844-845 

embryonic development in, 842, 842 
statoblasts of, 844, 844 

Phyllocarids, 626-627 
Phyllodes, 906 
Phyllodocida, 442-443, 445 
Phyllodocidae, 429, 442 
Phyllopharyngea, 42-43 
Phyllopod, 607, 609, 618 
Phyllopoda, 614, 619-625, 624, 624, 694, 

694 
excretory organs in, 620 
feeding in, 619-620 
hemal system in, 620 
nervous system of, 620 
phylogeny of, 624-625, 624 
reproduction by, 620-621 
versus Anostraca, 618 

Phyllopodomorpha, 694, 694, 695 
Phylogenetic hierarchy, 3 
Phylogenetic tree, 2, 3 

parsimony in, 4 
See also Hierarchic structure 

Phylogeny, 2 
long-branch attraction error and, 856 
ontogeny and, 67-68, 68-69, 70 

Physa, 129, 130, 130 
Physalia physalis, 167, 170, 170 
Physarum polycephalum, 65, 65 
Physonectida, 170, 171 
Pigment cell, 234 
Pigment cup ocellus, 107 
Pigment sac, 362 
Pigment spot ocellus, 107 
Pilidium, 278, 278 
Pinacocyte, 80, 82 
Pinacoderm, 78, 80, 88 

from gemmule hatching, 90 
Pinnotheridae, 633 
Pinnules, 138, 141, 453, 917, 918 
Pinworms, 768 
Pisauridae, 584 
Piscicolidae, 475, 480 
Placenta, 509 
Placids, 778 
Placozoa, 94-95, 95 
Planarians. See Dugesia; Phagocata; 
Tricladida 

Planispiral, 302 
Planktonic larvae, 61 
Planktotrophic larvae, 291 
Planktotrophs, 62 
Planula, 123, 124 

developmental theory from, 247, 249 
Plasma, 207 
Plasmodium, 44, 45, 46 

life cycle of, 45-46, 45 
Plasmodium tissue, 264, 265 
Platycopa, 689 
Platycopioida, 669, 671 
Platyctenida, 189, 190, 191, 192 
Platyhelminthes, 220, 220, 221, 221, 226, 

250, 250 
in classification schemata, 219, 
220-221, 221-222 

heterocellular ovaries and, 243 
phylogeny of, 249, 250 
versus Nemertea, 279 
versus platyctenid ctenophores, 194 
See also Cestoda; Digenea; Monogenea; 
Turbellaria 

Plecoptera, 746, 747 
Pleodorina, 30 
Pleomeres, 607 
Pleon, 607, 607 
Pleopods, 607, 607 
Pleosome, 654 
Pleotelson, 662 
Plerocercoid, 260 
Pleural spines, 546 
Pleurite, 519, 522, 713 
Pleurobrachia, 182, 183, 187, 188, 188, 

191 
Pleurobrancheomorpha, 341 
Pleurogona, 951 
Pleurotomariidae, 339 
Plicate pharynx, 236 
Pliciloricidae, 776 
Ploima, 799 
Pneumatophore, 167, 169 
Pneumopericardial vein, 561 
Podocopa, 688, 689 
Podocyst, 336 
Podocyte, 212, 212, 289, 291, 329, 358, 

396, 405, 508, 529, 599, 612, 735 
Poecilasmatidae, 681, 682 
Poecilostomatoida, 669, 674 
Pogonophora, 455-457, 457-458 
Poikilotherms, 66, 67 
Poison glands, 576 
Polarity, 5 
Pole plates, 187 
Polian vesicles, 882 
Polychaeta, 415, 417, 418, 419, 420, 420, 
422-423, 440-457, 459 

burrowing, 423 
chaetae of, 415, 416, 417, 423 
cirri of, 418, 423, 427 
coelomic system of, 431, 433 
development in, 439-440, 440-441 
excretion by, 434, 435-436 
feeding in, 428-430 
gills of, 430, 431, 432 
gut in, 424, 428, 430 
hemal system of, 431, 433 
locomotion in, 423-425, 425-426 
nervous system of, 425, 427-428 
nuchal organs in, 426, 428. See also 
Aeolosomatidae 

ocelli of, 426, 429 
parapodia of, 416, 418, 422-423 
pharynx of, 424, 428, 429, 431, 446 
phylogeny of, 457, 459, 459 
reproduction and, 434-438, 
437-439 

secreted tubes by, 415, 423 
Polycladida, 246-247, 250, 250 

adhesion by, 230, 230 
development in, 240-241, 245, 246, 

247 
gut in, 236, 246 
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locomotion by, 231, 232, 233 
nervous sytem in, 233 
pharynx in, 236, 237 
reproduction in, 241, 242, 243, 243 
toxicity of, 247 

Polycystinea, 52 
Polydesmida, 711, 712, 713, 714, 716 
Polyembryony, 255, 740 
Polygordiidae, 445 
Polykinetid, 36, 38 
Polymorphic colonies, 161 
Polymorphism, 109 
“Polyneoptera,” 745, 746, 750 
Polyneuronal innvervation, 526 
Polynoidae, 445 
Polyodontidae, 445 
Polyp, 112, 113 

musculature in, 113, 116, 118 
Polyphyletic taxon, 3 
Polypide, 831, 834-835, 840, 842, 844 
Polypide regression, 836, 840 
Polyplacophora, 284, 292-298, 293, 406, 

406 
molluscan evolution and, 408 
See also Chitons 

Polystilifera, 279, 280, 280 
Poly stoma, 258, 259 
Polyxenida, 711, 712, 714, 716 
Polyzoa. SceBryozoa 
Pomatiasidae, 339 
Pompilidae, 576-577 
Pore canal, 865 
Pore pairs, 897 
Porifera, 77-94, 93, 93 

diversity of, 92-93 
filter feeding in, 87, 88 
form in, 78-80, 78-79, 81 
phylogeny of, 93 - 94, 93, 95 
See also Calcarea; Demospongiae; 
Hexactinellida; Sponges 

Porocyte, 80, 82 
Porpita porpita, 166-167, 169 
Portunidae, 633, 633 
Postabdomen, 555 
Postabdominal region, 943 
Postanal tail, 864, 931 
Postecdysis, 524, 524 
Postlarva, 615 
Potamidae, 640, 641, 649 
Power stroke, 525-526 
Preabdomen, 555 
Preanal ciliary ridges, 404 
Preoral cavity, 560, 560, 565-566, 568, 
572-573, 576, 585, 590, 591, 594, 616, 
617, 703, 705, 706, 708, 711, 713, 715 

Preoral ciliary organ, 861 
Preoral hood, 821 
Preoral loop, 889 
Preoral spine, 690 
Pretarsus, 726 
Pretrochal region, 291 
Priapulida, 772-776, 772-775, 780 
Priapulidae, 775 
Priapulomorpha, 775 
Primary spines, 897 
Primary urine, 212 

Proboscis, 204, 204, 273, 859 
anterior, 274 
apparatus, 273 
pore, 273 
posterior, 274 

Proboscis pore, 273, 859 
Proboscis sac, 802 
Proboscis sheath, 324 
Proboscis skeleton, 861 
Procercoid, 260, 261 
Proctodeal feeding, 744 
Proctodeum, 203 
Procuticle, 522, 523 
Proecdysis, 523, 524 
Proetida, 551, 552 
Proglottid, 259, 260 
Progoneata, and phylogeny, 718, 719, 720, 

720 
Progonomorpha, 692, 693, 693 
Prokaryotes, 12, 13, 19 
Prolecithophora, 247, 250, 250 
Proostracum, 348 
Propodium, 313 
Proprioceptors, 537, 564, 613, 735 
Prorodon, 35, 42 
Proseriata, 227, 247 

pharynx of, 236, 237 
reproduction in, 242 

Prosobranchs (Prosobranchia), 300, 301, 
310, 338-340 

carnivorous, 324-326, 324, 325 
locomotion and, 314 
mantle cavity in, 304 
nervous system in, 331, 331 
osphradia in, 332-333 
propodium and, 313 
radulae in, 321 
reproduction in, 333-335, 334 

Prosoma, 555 
Prosopyle, 78, 79 
Prostate gland, 334, 467 
Prostomatea, 42 
Prostomium, 414, 414, 490, 490 
Protein tanning, 521 
Proterospongia, 31, 31, 72 
Proterospongia haeckeli, 71, 71, 72, 73 
Prothoracic glands, 740 
Prothorax, 726 
Protista, 12, 23 
Protobranchia, 367, 372, 372, 398, 401, 
402, 402, 403 

feeding in, 372, 373-374, 374, 380 
larva of, 398 

Protocerebrum, 531, 531-532, 558-559, 
562, 613, 731, 735 

Protocoel, 817, 821, 827, 832, 846, 858 
Protoconch, 309 
Protodrilidae, 445 
Protomesocoel, 889 
Protonephridia, 213-214, 214-215, 753, 

756, 763, 775, 776, 778, 785, 786, 788, 
790, 793, 795, 802, 811, 813, 821, 842, 
846 

Protopod, 521, 556, 558, 607, 609, 616 
Protosome, 817, 827, 846, 858 
Protostomia, 219, 220, 220, 221, 221 

blastopore in development of, 219 
in classification schemata, 219, 220, 

220, 221, 221 
Protostyle, 285, 288, 291, 298, 308, 
320-322, 320, 380, 381, 403 

Prototroch, 290, 290 
Protozoa, 2, 12, 23 

ameboid, 46, 53-54 
anaerobic, 24 
atmospheric oxygen and, 20 
cellular communication by, 19 
digestion by, 17, 24 
encystment in, 26-27, 42 
endosymbiotic relations of, 19, 23 
mitosis in, 25, 26 
osmoregulation by, 24, 25 
phylogeny of, 54, 55 
reproduction of, 25-26, 26 
versus poikilotherms, 66, 67 

Protozoea, 614-615 
Protractor muscles, 287 
Protura, 735, 745, 746 
Proventriculus, 530, 557, 635, 729, 732 
Proximal-distal body axis, 197 
Pseudocoelomata, 220 
Pseudoculus, 718 
Pseudofeces, 286 
Pseudopodia, 15 
Pseudoscorpiones, 584-586, 585, 596, 596 

digestive system of, 585, 586 
pedipalps of, 585, 585 
reproduction in, 586, 587 

Pseudotracheae, 666, 667 
Psocoptera (psocids), 730, 747, 747 
Pteriomorpha, 401, 402 

shell of, 371 
Pterobranchia, 862, 865-868, 865-866, 

868, 869, 869 
in classification schemata, 868, 869, 870 
colonial form of, 865, 865-867, 866 

Pterygocoei, 936 
Pterygota, 726, 745, 746, 750 
Ptychocyst, 119, 120 
Ptychopariida, 551, 551 
Pulmonary sinus, 561 
Pulmonates (Pulmonata), 300, 301, 
342-343 

detorsion in, 303, 304 
jaws in, 319 
locomotion and, 314 
pedal gland in, 313 
pulmonary plexus of, 323, 330 
radulae in, 322, 322 
reproduction in, 335, 335 

Pulvinifera, 220, 220, 500, 500 
Pupa, 738 
Pupil, 360 
Pusher legs, 555 
Pusule, 33 
Pycnogonida, 555, 597-600, 598, 600, 600 

digestive system in, 598 
hemocoel in, 598, 599 
reproduction in, 599-600 

Pygidium, 291, 414, 414 
Pyloric ceca, 885 
Pyloric chamber, 636, 636 
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Pyloric fold, 636 
Pyloric gland, 945 
Pyloric stomach, 885 
Pylorus, 838, 839 
Pyramidelloidea, 328, 340 
Pyramids, 902 
Pyrgo, 49 
Pyrosomida, 952, 953 

Q 
Quadrant, 187 

R 
Rachis, 145, 146 
Racquet organs, 588 
Radial canal, 121, 879 
Radial cleavage, 216 
Radial nerves, 883 
Radial symmetry, 112, 112 

See also Pentamerous symmetry 
Radiolaria, 50, 51-52, 53 

reproduction in, 54 
Radiolarian ooze, 52 
Radioles^ 453, 455, 456 
Radula, 284, 287, 287, 288, 291, 294, 295, 

298, 321, 322, 323, 326, 345, 356, 356, 
404, 405 

docoglossate, 321, 321 
rachioglossate, 321, 322 
rhipidioglossate, 321, 321 
taenioglossate, 321, 322 
toxoglossate, 321, 322 

Radular sac, 287 
Ramus (rami), 521, 607, 609, 794 
Raphidioptera, 739, 749 
Raptorial claws, 627 
Reabsorption, 213 
Recovery stroke, 526 
Rectal pad, 731 
Rectal seca, 885 
Rectum, 205, 287, 368, 530, 530, 637, 731, 

732, 762-763, 773, 775, 776, 810, 810, 
813, 813, 827, 838 

Redia, 251, 253, 254t 
Redlichiida, 550, 551, 551 
Reflector, 362 
Releasing gland, 230 
Rejection tracts, 374 
Remipedia, 615-616, 615, 694, 694, 695 
Renal appendages, 333, 358, 358, 359 
Renal duct, 333 
Renal sac, 358, 359, 948 
Renilla, 145, 146 
Renopericardial canal (duct), 285, 289, 

296, 310, 329, 330, 359, 359-360, 397 
Replication-specialization-integration of 
units, 73 

Repugnatorial glands, 570, 589, 597, 667, 
706, 711, 713, 713, 715, 743, 745, 746 

Reservoir, 27 
Residual larval cells, 842 
Respiratory areas, of branchiurans, 690 
Respiratory current, 295 
Respiratory pigments, 210-211, 211 
Respiratory trees, 914 
Resting eggs, 244, 245, 621 

Rete mirabite, 915 
Reticular lamina, 59, 100 
Reticulopodia, 47, 49 
Reticulopodial network, 47 
Retina, 360 

distal, 397 
proximal, 397 

Retinula, 535, 535, 536-537, 559, 606, 643 
Retortamonada, 31, 32 
Retortamonadea, 32 
Retractor muscles, 127, 287 
Retrocerebral apparatus, 791 
Rhabdite, 228, 229 
Rhabditophora, 229, 246, 250, 250 
Rhabdocalyptus dawsoni, 82, 83 

action potentials in, 89 
Rhabdocoela, 247, 250, 250 

bulbous pharynx of, 236, 237 
gut of, 236 
Neodermata and, 263 
parasitism and, 238 
protrusible proboscis in, 238, 238 
reproduction in, 242, 242, 243 

Rhabdoids, 228 
Rhabdome, 535, 536-537, 559, 643 
Rhabdomeric photoreceptors, 107 
Rhabdopleura, 864, 869, 869 
Rhacopoda, 406 
Rhagon, 92 
Rhinophores, 317, 333, 341 
Rhizocephala, 676, 685, 686, 693, 693 
Rhizostomeae, 153, 154, 158, 158 
Rhodopsin, 535 
Rhopalia, 150, 150, 152 
Rhopalura, 264, 265 
Rhoptries, 43, 43 
Rhynchobdellida, 474, 475, 476, 477, 
479-480, 482, 482 

Rhynchocoel, 272, 273, 273, 275 
Rhynchodeum, 272, 273 
Rhynchonellida, 829 
Ribbon worms. See Nemertea 
Ricinulei, 590, 590, 596, 596 
Righting reflex, 882 
Ring canal, 121, 497, 879 
Rings, of trunk, 713 
Rissoidea, 339 
Rod organ, 28 
Rosette cell, 837 
Rostral sinus, 683 
Rostrum, 348, 607, 625, 652, 653, 792, 785, 

785, 791, 793 
Rotaliina, 49 
Rotifera, 788- 790, 789 - 791, 804 

body wall of, 790, 792, 792 
digestive system in, 790, 794, 795 
feeding by, 793-795, 794 
hemocoel of, 790, 792-793 
locomotion by, 793, 793 
mastax in, 793-794, 794 
reproductive svstem in, 796-798, 

797 
Rudiment, larval, 842 

S 
Sabellariidae, 452, 454 

Sabellida, 452-455 
Sabellidae, 452-453, 454-455, 455, 456 
Saccate nephridia, 508, 528-529, 529 
Saccocirridae, 445 
Sacculi, 528-529, 529 
Sacoglossa (sacoglossans), 323, 323, 341 
Salivarium, 729, 731 
Salivary channel, 728 
Salivary glands, 288 
Salpida, 953, 954, 955 
Salticidae, 578, 579, 584 
Sarcoptidae, 594 
Scalids, 772, 773, 775, 776, 777, 778, 

779 
Scalpellidae, 681, 682 
Scaphognathite, 637 
Scaphopoda, 284, 298, 402, 403-407, 404, 
406 

development in, 405 
digestive system of, 404, 405 
excretion and, 404, 405 
feeding in, 405 
hemal system of, 405 
mantle of, 404, 404 
nervous system of, 405 
phylogeny of, 406, 406-407 
reproduction by, 403, 405 
shell of, 403, 404, 405 

Schistosomatidae, 256, 256 
Bulinus snail and, 342 

Schizocoely, 218, 219 
Schizogony, 25 
Schizomida, 570, 570 
Scissors tail, 7, 7 
Scleractinia, 132-137, 132-133, 147, 147, 

148 
Scleraxonia, 147, 147 
Sclerites, 519, 522 
Sclerocyte, 80, 82, 85 
Sclerosepta, 133 
Sclerosponges, 85, 85, 94 
Sclerotization, 521 
Scolecida, 441-442, 442-444, 457, 459, 

459 
Scolex, 259, 260, 260 
Scolopendromorpha, 703, 704, 706, 709 
Scopulae, 576 
Scorpiones, 565, 566-567, 595, 596, 596, 

597 
development in, 568, 569 
excretion by, 567 
feeding by, 565-566, 568 
hemal system in, 567 
metabolism of, 566 
nervous system in, 562, 567 
preoral cavity of, 565, 568 
reproduction in, 567-568, 569 
sting of, 566, 566 
toxicity of, 566 
water loss and, 567 

Scuta, of operculum, 680 
Scutal adductor muscle, 680 
Scutigeromorpha, 703, 704, 705, 706-707, 

708, 709 
respiration in, 705, 708 

Scyphistomae, 148 
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Scyphozoa, 148-156, 151, 158, 158, 174, 
174, 175, 175 

feeding in, 150-151 
gastric filaments in, 148, 150, 151 
internal circulation in, 148, 150, 

151 
lappets in, 150, 150, 152 
medusozoan life cycle of, 123, 124, 151, 

153 
nervous system in, 150, 152 
phylogeny of, 156, 158, 174 
polyps of, 148, 149, 176 
reproduction in, 151, 153 
septal funnel in, 148, 149, 150, 151 
subgenital funnel in, 150, 151, 152 

Scytodidae, 583 
Sealing junctions, of epithelial tissue, 99, 

100 
Secernentea, 761, 764, 770 
Second intermediate host, 251 
Secondary spines, 897 
Secretion, in excretion, 212, 213 
Segmental nerves, 416 
Segmentation, 407, 414, 420-422, 778 

Arthropoda and, 518, 520 
gene expression in, 422 
peristaltic burrowing and, 421, 421 
regional specialization and, 421-422, 

422 
Segments, 206, 414 

excretory, 434 
Seisonida, 799-800, 799, 804 
Semaeostomeae, 150-153, 151-153, 158, 

158 
Seminal receptacle, 216, 333, 334, 335, 

336, 363, 509, 514, 537, 614, 736-737, 
736, 765, 766, 786, 787 

Seminal vesicle, 216, 335, 336, 363, 394, 
509, 737, 737, 765 , 765 

Sensilla, 508 
Sensoria, 786 
Sensory papillae, 473 
Sensory structures, 105-106, 107 

mechanoreceptors as, 643 
tube feet, 876 
See also Cilia; Exoreceptors; Eyes; 
Proprioceptors; Setae; Slit sense 
organ; Statocyst 

Sepia, 349, 350, 354, 354, 357, 365 
color change in, 362 
cuttlebone of, 350 
digestive tract of, 356 
reproduction in, 363, 364 

Sepiida, 348-349, 349, 365, 367 
Sepioidea, 365, 366, 366 
Sepiolida, 365, 367 
Septal filament, 126 
Septal funnel, 148 
Septibranchia, 367, 372, 380, 380, 402, 
403 

Septum (septa), 125-126, 125, 206, 
347 

asulcal, 138 
pairs, 130 

Serial homologs, 578 

Seriata, 247, 250, 250 
statocysts in, 231 

Series circuit, 209 
Serolidae, 664 
Serpulidae, 452-454, 455 

tubes of, 423, 453 
Sessoblasts, 844 
Setae, 416, 417,522, 523 

urticating, 576 
See also Exoreceptors 

Setal comb, 610, 618 
Setal screen, 635 
Seticoronaria, 776 
Settling, 61 
Shell, 284, 285, 293, 293, 298, 299, 
309-313, 344-350, 347, 368-371, 
369-370, 403, 404 

Shell gland, 811 
Shell valve, 293 
Shields, 890 

aboral, 890 
lateral, 890 
oral, 890 
radial, 891 

Shipworms, 393 - 394, 395, 398, 402 
larva of, 399 

Shoulder leg, 7, 7 
Shutting, 18 
Sicariidae, 583 
Siderastrea radians, 133, 134 
Sigalionidae, 445 
Silk glands, 573 
Simple pharynx, 236 
Sinistral, 310 
Sinus gland, 644 
Sinuses, 206 

pericardial, 508, 528 
perineural, 528 
perivisceral, 528 

Siphon, 307, 493 
Siphonal canal, 309 
Siphonal notch, 309 
Siphonaptera, 739, 749, 749 
Siphonoglyphs, 125, 125, 127, 128 
Siphonophora, 167-171, 167t, 169, 174, 

174 
Siphonophoridae, 715, 716 
Siphonosome, 167, 169 
Siphonostomatoida, 669, 674 
Siphonozooids, 139 
Siphuncle, 347, 348, 349-350 
Sipuncula, 220, 220, 495-501, 496, 497, 

500, 500 
body wall of, 496 
ciliated urns within, 498, 498 
coelomic cavities of, 497-498, 497 
development in, 499, 499, 501 
digestive tract of, 496-497, 497 
feeding by, 497 
gas exchange by, 498-499 
introvert of, 495, 496, 496 
nephridia in, 499 
nervous system in, 499 
phylogeny and, 500-501, 500 
reproduction in, 499 

Sipunculidae, 496 
Sipunculidea, 500 
Sister taxon (taxa), 2 
Skeleton, 60, 101 

acicula as, 423 
axial, 137 
cnidarian, 115, 116 
elasticity of, 10 
hydrostatic, 101-102, 101 
intrasyncytial lamina as, 788, 792 
pliant, 102 
rigid, 102 
See also Endoskeleton; Exoskeleton; 
Cytoskeleton 

Slime glands, 506 
Slit sense organ, 564 
Slugs, 343 
Social organization, 743 
Solemyoida, 401 
Solenia, 115 
Solenocyte, 214, 434, 436 
Solenogastres, 291, 292, 292 
Sole of foot, 313 
Solifugae (solpugids), 586, 588, 588, 596, 

596 ‘ 
Solitary adult, 108 
Solmissus incisa, 172, 172 
Somatic ciliature, 34 
Somatogastric nervous system, 533 
Somatocoel, 875 
Somites, 518 
Soritidae, 48 
Sorting field, 288 
Spasmin, 37 
Spasmoneme, 37, 38 
Spat, 401, 684 
Spatangoida, 905, 906, 908, 909 
Spelaeogriphacea, 660, 667 
Sperm, 60 
Spermatic cyst, 91 
Spermatocyte, 80 
Spermatophore, 216, 363, 363, 509, 538, 

564, 567, 614, 736-737 
Spermatophore gland, 216 
Spermatophore sac, 363 
Sperm groove, 334 
Sperm reservoir, 581 
Sperm web, 574 
Sphaeriidae, 394-395, 398, 401 

development in, 399 
Sphaeromatidae, 664 
Sphecidae, 577 
Spheridia, 904 
Spicules, 80, 82, 84, 85, 86, 291 

tunicate, 944, 944 
Spiderlings, 583 
Spider silk, 560, 573-574 
Spin capture, 188 
Spinicaudata, 619, 620, 623, 624, 624 
Spigots, 573 
Spinnerets, 573 
Spinulosida, 889 
Spionida, 448-450 
Spionidae, 448-449, 450 
Spiracle, 508, 530 
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Spiral cleavage, 216 
Spiralia, 220, 220, 221, 221, 846 

in classification schemata, 219, 220, 221 
development in, 216, 218 

Spirocyst, 119, 120, 121 
Spirogyra, 30 
Spirorbidae, 452-453, 455 

tubes of, 423, 453 
Spirostomum, 41, 42 
Spirostreptidae, 714, 716 
Spirotrichea, 42 
Spirula, 345, 349, 350, 354-355, 365 
Spirulida, 348, 349, 365, 367 
Sponges, 77-78, 77 

atrium of, 78, 78, 79, 80 
biochemical interactions of, 89-90, 89 
body wall of, 80, 82-83, 82-83 
choanoderm of, 78-79, 78, 80, 82, 82, 

88 
consumption in, 87, 88 
internal transport of, 88-89 
locomotion by, 85, 87, 87 
reproduction in, 90-92, 90-91 
skeletons of, 83, 84, 85, 86 
symbiosis and, 88, 89 
tissue remodeling by, 87, 87 
water pumping by, 83, 83 

Spongia, 85, 86, 93 
Spongin, 80, 85, 86 
Spongiome, 24, 25 
Spongocyte, 80 

gemmules and, 90 
Spongy body, 921 
Spore, 43 
Sporocyst, 251, 253, 254t 
Sporogony, 43 
Sporozoite, 43 
Sporozoa, 43-46, 43 
Spur, 953 
Stalk 

in crinoids, 917 
in enteropneusts, 858 
in kamptozoans, 809, 809 

Star-shaped organ, 811 
Statoblasts, 844, 844 
Statolith, 107, 187 
Statocyst, 105, 106, 107, 187, 289, 
613-614, 613, 653 

in Ctenophora, 184, 186, 187 
experimental observation of, 643 

Stauromedusae, 154-156, 158, 158 

Stem cells, 813 
Stems, 160 
Stenopod, 607, 609 
Stentor, 37, 38, 41, 42 
Stereoblastula, 91 
Stereom, 876 
Sternite, 519, 522, 713 
Stichodactyla mertensii, 112 
Stichotrichia, 42 
Stilbonematidae, 757, 770 
Sting, 566 
Stoichactis, 130 
Stolidobranchia, 951-952, 952, 957, 957 
Stolon, 115 

Stolonate colony, 114, 115, 832, 941 
Stolonifera, alcyonarian, 139, 142, 142, 

146, 147, 148 
Stolonifera, bryozoan, 845 
Stomach, 121, 187, 204 
Stomatopoda, 626, 627-628, 627-628, 

668, 668 
eyes of, 628 

Stomochord, 858 
Stomochordata, 869, 869 
Stomodeum, 203 
Stomolophus meleagris, 153, 154 
Stone canal, 879 
Storage excretion, 948 
Stramenopila, 55, 55 
Streaming, 18 
Strepsiptera, 739, 749, 749 
Streptoneurous nervous system, 303, 308 
Stridulating organ, 588 
Stridulation, 743 
Strobila, 151, 259, 260 
Strobilation, 151, 153 
Stroma, 876 
Stromboidea, 339 
Strombus, 314-315, 315, 327, 339 

eyes of, 332 
Style sac, 288, 288, 320, 380-381, 381, 382 
Stylet, 273, 512, 728 

reserve, 274 
support, 512 

Stylus, 711 
Stylochus frontalis, 247 
Stylommatophora, 342-343 
Stylonychia mytilus, 38 
Subgenital funnel, 152 
Subimago, 738 
Subradular organ, 295 
Subumbrella, 112, 113 
Suckers, 252, 355, 881 

anterior, 471 
posterior, 472 
terminal, 471 

Suctoria, 39, 39, 40, 42, 43 
conjugation among, 42 

Sulcus, 33, 34 
Superficial cleavage, 364, 538, 538 
Superscript abbreviations, 4 
Surface area versus volume, 63, 64-65 
Suspension feeding, 327, 328, 336, 357, 

367, 372-380, 608, 610-611, 611, 618, 
794,810,817, 839 

Suspensory ligaments, 528 
Sutures, 348 
Swarming, 437, 745 
Sycon, 79, 80, 93 

sexual reproduction in, 91 
Syconoid design, 78, 79-80, 79 
Syllidae, 438, 448 
Symbiodinium microadriaticum, 33, 121 
Symbiosis 

heterotrophs and, 19 
sponges and, 88, 89 
termites and, 744 

Symmetry, 
bilateral, 197 

biradial, 184 
radial, 112 

Symphyla, 710-711, 710, 720 
Symplasma, 92, 93, 93, 94 
Symplesiomorphy, 3, 3 
Synapomorphy, 2, 3 

in cladistics, 4, 6 
parsimony and, 4 

Synapse, 104 
Synapticles, 861 
Syncarida, 626, 650, 650, 668, 668 
Syncerebrum, 531 
Syncytial theory, of metazoan evolution, 70 
Syncytium, 80, 82, 249, 788 

fiber, 94, 95 
functional attributes of, 249, 251 
trabecular, 82, 83 

Syndermata, 788, 804 
Synkaryon, 41, 42 
Systemic heart, 358 
Systole, 528 

T 
Tabula, 135 
Taenia, 259, 260, 261-263, 262 
Taenidia, 733 
Tagma (tagmata), 518, 520 
Tagmosis, 421-422, 422, 518 
Tail fan, 626 
Tail spine, 555 
Talitridae, 655, 658 
Tanaidacea, 660-661, 660, 667 
Tantulocarida, 613, 675-676, 677, 692, 

693, 693 
parthenogenesis in, 675, 676, 677 

Tantulus larva, 676, 677 
Tapetum, 397, 534 
Tapeworms. See Cestoda 
Tardigrada, 510-515, 511-512, 539, 540, 

540" 
body wall of, 511, 512 
development of, 514 
feeding by, 512, 513 
gut in, 512, 512, 513 
hemocoel of, 512 
locomotion in, 511, 513 
Malpighian glands in, 512, 514 
musculature of, 511, 512, 512 
nervous system of, 512, 514 
ocelli in, 514 
pharynx of, 512, 513 
phylogeny of, 515 
reproduction in, 512, 514, 515 

Target tissue, 477 
Tarsal claws, 726 
Tarsal organs, 581 
Tarsus, 726 
Taxon (taxa), 2 

Linnean categories and, 4 
monophyletic, 2 
paraphyletic, 3, 3 
polyphyletic, 3 
sister, 2 

Taxopodida, 53 
Tedania ignis, 89, 93 
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Tegmen, 917 
Tegmenal pores, 920 
Tegmentum, 293, 293, 294 
Tegument, 249, 251 
Tegumentary glands, 523 
Telestacea, 142, 143, 146, 147, 147, 148 
Tellinoidea, 385-386 
Teloblast, 218, 218 
Teloblast areas, 538 
Teloblastic growth, 414 
Teloconch, 309 
Telopodites, 705 
Telotroch, 290, 290 
Telson, 518, 555, 607, 615 
Temnocephalida, 247 

adhesion by, 230, 232 
body wall of, 228 
symbiosis and, 232, 238 

Tendon,525, 525 
Tentacles, 112, 184, 333, 355 

palpal, 372 
Tentacle scale, 891 
Tentacle sheath, 184 
Tentacular canals, 187 
Tentacular crown, 809 
Tentacular flicking, 838 
Tentacular palps, 423 
Tentacular plane, 184 
Tentilla, 182, 184, 184, 185 
Tentorium, 724 
Terebellida, 450-452 
Terebellidae, 450-451, 452 
Terebratulida, 829 
Teredinidae, 393-394, 395, 398, 402 
Terga, of operculum, 680 
Tergite, 519, 522, 713 
Terminal anchor, 201 
Terminal cell, 214, 214-215 
Terminal ganglion, 735 
Terminal pores, 840 
Termites, 743 - 744, 744 
Test, 24 
Testis sac, 467 
Tetractinomorpha, 92-93 
Tetragnathidae, 583 
Tetraneurous, 289 
Tetranychidae, 593 
Teuthoidea, 349, 366, 366 

chemical buoyancy in, 350 
Textulariina, 49 
Thalassematidae, 494, 495 
Thalassocalycida, 192, 194 
Thaliacea, 952-955, 957, 957 
Theca, 24, 33, 133, 161 
Thecate hydroids, 161 
Thecosomata (thecosomes), 326, 327, 

341 
Thecostraca, 676, 678, 681, 692, 693, 

693 
Thecostracomorpha, 693, 693 
Theridiidae, 583 
Thermo-hygroreceptive sensillum, 534 
Thermosbaenacea, 651-652 
Thesocyte, 90 
Thomisidae, 584 

Thoracica, 678-685, 679, 693, 693 
calcareous plates of, 679, 680-681, 680, 
684-685 

development by, 683-684 
mantle cavity of, 679, 679 
reproduction by, 679, 683, 684 

Thoracic groove, 572 
Thoracic region, 943 
Thoracoabdominal ganglion, 735 
Thoracomere, 606 
Thoracopod, 606, 695 
Thoracopoda, 694, 694 
Thorax, 518, 520, 606, 607, 725, 726 
Thysanoptera, 747, 748 
Tibia, 726 
Tiedemann’s bodies, 882 
Tintinnopsis, 35 
Toes, of rotifers, 791 
Tokophrya, 42, 43 
Tomopteridae, 423, 425, 443 
Tomosvary organs, 703 
Tongue bar, 937 
Tonic neurons, 526 
Tonic receptors, 643 
Tonnoidea, 339 
Tonofilaments, 525, 525 
Tooth (teeth), 902 

cardinal, 370 
heterodont, 370 
hinge, 370 
lateral, 319, 370 
marginal, 319, 370 
median, 319 
taxodont, 370 

Tooth band, 902 
Tormogen cell, 416, 417, 523 
Tornaria larva, 864-865, 864, 868 
Torsion, 300, 303, 875 
Totipotent cells, 77 
Toxicity, in plants, 741 
Toxicysts, 36 
Toxoplasma, 46 
Toxopneustidae, 898, 909 
Trabecular syncytium, 82 
Tracheae, 508, 530, 561 

sieve, 561 
tube, 561 

Tracheal spiracle, 573 
Tracheata, 2-3, 3, 4, 518, 540, 540, 508, 

527, 560, 573, 578, 585, 588, 590, 595, 
703, 708, 715, 733-735, 733 

head of, 520, 520, 703 
phylogeny and, 718-720, 719-720 
See also Chilopoda; Diplopoda; 
Pauropoda; Svmphyla 

Tracheoles, 733 
Trachylina, 167t, 172-173, 172, 174, 174 
Trachymedusae, 166, 172, 172 
Treadmilling, 13 
Trematoda, 251-257, 263, 263 
Trepaxonemata, 243, 246, 250, 250 
Triaxon, 84, 85, 86 
Trichimella larva, 92 
Trichinelloids, 768 
Trichinosis, 768, 768 

Trichobothria, 533, 562, 563, 564 
Trichocysts, 35-36, 36 
Trichodina, 40 
Trichogen cell, 416, 417, 522, 523 
Trichomonadida, 32 
Trichomonas vaginalis, 31-32, 32 
Trichonympha, 32, 32 
Trichoplax adhaerens, 94, 95 
Trichoptera, 730, 739 , 748, 749 
Trichostomatia, 42 
Tricladida, 226, 247 

body wall of, 228 
gut of, 236 
locomotion in, 232 
nervous system in, 233 
pharynx in, 236, 237, 238 
reproduction in, 242 

Tridacnidae, 387, 401 
Trignathic, 705 
Trigonioida, 401, 402 
Trilobitomorpha, 520, 544-545, 544-545, 
548-552, 551 

appendages of, 544-545, 546, 547, 549 
axial furrows in, 544, 545 
development in, 547-548, 548 
digestive system of, 545, 546-547 
facial sutures of, 544, 545, 551 
ommatidia in, 545-546, 545 
phylogeny of, 552 
segments of, 544, 546 

Triannelida, 7, 7 
Tripedalia cystophora, 157 
Triploblastic animals, 108 
Triploblastica, 194, 194 
Triploblastic embryos, 217 
Triradiate lumen, 513 
Tritocerebrum, 531, 531-532, 559, 562, 

613, 731, 735 
Trochal discs, 791 
Trochanter, 726 
Trochidae, 339 
Trochophore, 290-291, 290, 414 
Trochozoa, 220, 220-221, 221, 407, 500, 

500 
Annelida and, 420, 500 
Mollusca and, 407, 500 
versus Nemertea, 279 

Trochus, 790 
Trombiculidae, 594 
Trophi, 785, 793 
Trophozooids, 953 
Trunk, 859 
Trunk sac, 676 
Trypanosoma, 29-30, 29 
Tube, occupation by polychaetes, 423 
Tube feet, 876 
Tube septa, 866 
Tubificidae, 463, 469, 470 
Tubiluchidae, 775 
Tubipora musica, 139, 142 
Tubularia, 116, 160, 162, 163, 165 
Tubule, nephridial, 528-529, 599, 612, 

612, 735 
Tun,510, 512 
Tunic, 943 
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Tunicata, 940 - 956, 957, 957 
Chordata and, 959, 959 
See also Appendicularia; Ascidiacea; 
Thaliacea 

Tunicin, 943 
Turbellaria, 226-227, 227-249 

adhesion by, 229-230, 230 
archoophoran, 241, 242, 245, 246, 

247 
body wall of, 228-230, 228-229 
connective tissue of, 234, 235 
development in, 244-245, 
246-247 

diversity of, 226-227, 245 
excretion by, 239, 239 
feeding by, 236-238, 236-238, 248 
frontal gland in, 229, 230 * 
gut in, 234-236,236 
internal transport in, 238-239 
locomotion by, 230-231, 232 
musculature of, 230, 231 
neoophoran, 242-243, 242, 244, 245, 

246, 247 
nervous system in, 231, 233 
parasitism and, 238, 244 
phylogeny of, 247, 249, 250. See also 
Neodermata, phylogeny of 

regeneration by, 239-240, 240, 241 
reproduction in, 240-244, 241-244 

sense organs of, 231, 234, 234 
skeletons in, 228, 228-229 
symbiosis in, 236, 238 
uteri in, 242 

Turbinidae, 339 
Tympanal organs, 534 
Tympanic membrane, 534 
Typhloplanoida, 247 

protrusible proboscis in, 238, 238, 247 
Typhlosoles, 288, 288, 320, 462 

major, 288 
minor, 288 

U 
Uloboridae, 583 
Ultrafiltration, 212-213, 212, 529, 529 

terminal cell in, 214, 214-215 
Umbo, 370, 370 
Uncus (uncini), 794 
Undulating membrane, 29 
Unionida. See Palaeoheterodonta 

(paleoheterodonts) 

Unionidae, 394-395, 398, 401 
larva of, 399, 400, 401 

Uniramous appendage, 521, 607 
Upstream collecting system, 817 
Urechidae, 494, 495, 495 
Ureter, 329 
Urinary bladder, 475 
Urine 

final, 212, 212, 529 
primary, 212, 272, 213, 529 

Urochordata, 940-956 
Urocopa, 7, 7 
Uropygi, 569-570, 570, 596, 596 
Urosomal ganglion, 658 

Urosome, 654 
Uterine bell, 803 
Uterus, 242, 253 

V 
Vaceletia crypta, 85, 93, 94 
Vacuolated cells, 947 
Vacuoles, food, 17 
Vallentinia gabriella, 161, 172 
Valvatida, 889 
Valves, 368 

dorsal, 824 
equilateral, 370 
inequilateral, 370 
ventral, 824 

Valvifera, 663, 663, 666 
Vampyromorpha, 366, 366, 367 
Vanadocytes, 947-948 
Vane, bilateral, 30, 82 
Vascular plugs, 275 
Vas deferens, proximal, 334 
Vegetal pole, of zygote, 60 
Veins, 726 
Velarium, 154, 156 
Velatida, 889 
Velella velella, 166-167, 169 
Veliger larva, 290, 336, 337 
Velum 

of amphioxus, 936 
of hydrozoan medusa, 159, 161 
of lancelet, 935, 936, 936 
of molluscan larva, 291, 336, 337 

Velutinoidea, 339 
Veneroida, 401, 402 
Venom, 566 
Ventral aorta, 937 
Ventral channel, 635 
Ventral diaphragm, 528 
Ventral ganglion, 853 
Ventral membrane, 544 
Ventral sucker, 252 
Ventricle, 289 
Vermetoidea, 339 
Vermiform, 265, 265 
Verongia, 88, 93 
Verrucae, 131 
Verrucomorpha, 681, 682 
Vertebra, 890 
Vertebrata, 957, 957 
Vesicles, 131 
Vessels, 206, 275 

afferent branchial, 286 
ascending, 820 
descending, 820 
contractile, 498 
dorsal, 419 
efferent branchial, 286 
ring, 819 
tentacular, 820 
tunic, 943 
ventral, 419 

Vestibule 
in bryozoans, 842 
in chaetognaths, 851 
in ciliates, 37 

Vetigastropoda, 305, 308, 339 
osphradia in, 332 

Vibracula (vibraculum), 834, 835 
Visceral hemocoel, 330 
Visceral hump, 344 
Visceral larval migrans, 768 
Visceral loop, 331 
Visceral nervous system, 735 
Viscid gland, 230 
Vitellarium, 242, 242 
Vitellocytes, 242, 243, 243 
Viviparous species, 62 
Volume versus surface area, 63, 64-65 
Volvocida, 30, 30, 55 
Volvox, 30, 30, 70, 72, 73 
Vorticella, 37, 38, 40 

macronucleus of, 38, 41 
reproduction of, 41, 41, 42 

W 
Walking legs, 555 
Water tubes, 377 
Water-vascular system, 873 

Waves 
direct, 314 
ditaxic, 314 
monotaxic, 314 
retrograde, 314 

Web, 574 
catching spiral, 575 
frame, 575 
free zone, 575 
hub, 575 
orb,574 
radial, 575 

Web-building spiders, 574 
Wheel organ, 936 
Whorls, 302 
Wing pads, 726 
Wings, 726 - 727, 727 

X 
Xenommacarida, 668, 668, 669 
Xenophoroidea, 339 
Xenophyophorea, 47 
Xiphosura, 555-556, 556, 600, 600 

branchial chamber of, 556, 556, 558 
digestive system of, 557, 55 7 
excretory system in, 557, 558 
eyes of, 559 
feeding by, 556 
genital operculum of, 556, 556, 558 
gills of, 556, 558 
hemocoel of, 557, 558 
nervous system in, 558-559 
reproduction in, 559, 559 

toxicity of, 557 
X-organ, 644 

Y 
Y-organ, 644 

Z 
Zenker’s organ, 688, 689 
Zero pharynx, 236 
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Zoantharia, 130, 147, 147 
phylogenyof, 146, 147, 148 

Zoanthidea, 136-137, 137, 147, 148 
Zoea, 615, 648-649 
Zoanthidea, 147, 147 
Zoarium, 832 
Zoochlorellae, 19, 122, 238 

Zooecium, 831, 831 
Zooid, 108, 108 

polymorphism of, 109, 834-835 
in segmentation theory, 420-421 

Zooxanthellae, 19, 33, 121, 122, 135-136, 
238 

Tridacnids and, 387, 389, 390 

Zoraptera, 746, 747 
Zygentoma, 745 
Zygoneury, 331 
Zygoptera, 745 
Zygote, 60 
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