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A Leafy Sea Dragon, Phycodurus eques, South Australia. Well camouflaged in their natural, heavily vegetated habitat, Leafy Sea Dragons are closely related to
seahorses (Gasterosteiformes: Syngnathidae). “Leafies” are protected by Australian and international law because of their limited distribution, rarity, and
popularity in the aquarium trade. Legal collection is highly regulated, limited to one “pregnant” male per year. See Chapters 15, 21, and 26. Photo by D. Hall,
www.seaphotos.com.

A school of Blackfin Barracuda, Sphyraena qenie (Perciformes, Sphyraenidae). Most of the 21 species of barracuda occur in schools, highlighting the observation
that predatory as well as prey fishes form aggregations (Chapters 19, 20, 22). Blackfins grow to about 1 m length, display the silvery coloration typical of water
column dwellers, and are frequently encountered by divers around Indo-Pacific reefs. Barracudas are fast-start predators (Chapter 8), and the pan-tropical Great
Barracuda, Sphyraena barracuda, frequently causes ciguatera fish poisoning among humans (Chapter 25).

Longhorn Cowfish, Lactoria cornuta (Tetraodontiformes: Ostraciidae), Papua New Guinea. Slow moving and seemingly awkwardly shaped, the pattern of flattened,
curved, and angular trunk areas made possible by the rigid dermal covering provides remarkable lift and stability (Chapter 8).

A Silvertip Shark, Carcharhinus albimarginatus (Carcharhiniformes: Carcharhinidae), with a Sharksucker (Echeneis naucrates, Perciformes: Echeneidae) attached.
This symbiotic relationship between an elasmobranch (Chapter 12) and an advanced acanthopterygian teleost (Chapter 15) probably benefits both, the Sharksucker
scavenging scraps from the shark’s meals and in turn picking parasitic copepods off the shark. Remoras also attach to whales, turtles, billfishes, rays, and an
occasional diver. Remoras generate sufficient suction to hang on even at high speeds via a highly modified first dorsal fin.

A recently discovered 10 cm long Indonesian antennariid, nicknamed the Psychedelic Frogfish (Lophiiformes: Antennariidae) (Chapters 14, 18). Among its atypical
traits are its shallow water habitat, a lack of an illicial lure, jet propulsion, and a bouncing method of movement, and its practice of hiding in holes, not to mention
the spectacular head and body coloration.

A mating pair of Mandarinfish, Synchiropus splendidus (Perciformes: Callionymidae), Indonesia. These small (6 cm), secretive dragonets live among coral
branches or rubble, and usually emerge just after sunset to mate. Recently extruded eggs can be seen just below the pair.

Lionfish, Pterois volitans (Scorpaeniformes: Pteroidae), are native to the Indo-Pacific region. They have been introduced along the southeastern coast of the USA
and the Bahamas, apparently due to aquarium releases. In their native habitats they seldom reach high densities but have undergone a population explosion on
Bahamian reefs. Atlantic reef fishes are naive to lionfish predatory tactics, and predation rates by lionfish are high.

Photos by D. Hall, www.seaphotos.com.
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Preface to the second edition

he first edition of The diversity of fishes was successful

beyond our wildest dreams. We have received constant
and mostly positive feedback from readers, including much
constructive criticism, all of which convinces us that the
approach we have taken is satisfactory to ichthyological
students, teachers, and researchers. Wiley-Blackwell has
validated that impression: by their calculations, The diver-
sity of fishes is the most widely adopted ichthyology text-
book in the world.

However, ichthyology is an active science, and a great
deal of growth has occurred since this book was first pub-
lished in 1997. Updates and improvements are justified by
active and exciting research in all relevant areas, including
a wealth of new discoveries (e.g., a second coelacanth
species, 33 more megamouth specimens, several new record
tiniest fishes, and exciting fossil discoveries including some
that push back the origin of fishes many million years and
another involving a missing link between fishes and amphib-
ians), application of new technologies (molecular genetics,
transgenic fish), and increased emphasis on conservation
issues (e.g., Helfman 2007). Websites on fishes were essen-
tially nonexistent when the first edition was being pro-
duced; websites now dominate as an instant source of
information. Many of the volumes we used as primary ref-
erences have themselves been revised. Reflective of these
changes, and of shortcomings in the first edition, is the
addition of a new chapter and author. Genetics received
insufficient coverage, a gross omission that has been cor-
rected by Brian Bowen’s contribution of a chapter devoted
to that subject and by his suggested improvements to many
other chapters. Brian’s contributions were aided by exten-
sive and constructive comments from Matthew Craig, Daryl
Parkyn, Luiz Rocha, and Robert Toonen. He is especially
grateful to John Avise, Robert Chapman, and John Musick
for their guidance and mentorship during his professional
career, and most of all to his wife, RuthEllen, for her for-
bearance and support.

Among the advances made in the decade following our
initial publication, a great deal has been discovered about
the phylogeny of major groups, especially among jawless
fishes, sarcopterygians, early actinopterygians, and holo-
cephalans. In almost all taxa, the fossil record has expanded,

prompting reanalysis and sometimes culminating in con-
flicting interpretations of new findings. A basic textbook is
not the appropriate place to attempt to summarize or cri-
tique the arguments, opinions, and interpretations. We have
decided to accept one general compilation and synthesis.
As in the 1997 edition, where we adopted with little adjust-
ment the conclusions and terminology of Nelson (1996),
we here follow Nelson (2006), who reviews the recent
discoveries and clearly presents and assesses the many alter-
native hypotheses about most groups. Instructors who used
our first edition will have to join us in learning and dis-
seminating many changed names as well as rearrangements
among taxa within and among phylogenies, especially
Chapters 11-13. Science is continually self-correcting. We
should applaud the advances and resist the temptation to
comfortably retain familiar names and concepts that have
been modified in light of improved knowledge.

Also, we have now adopted the accepted practice of
capitalizing common names.

Thanks especially to the many students and professionals
who corrected errors in the first edition (J. Andrew,
A. Clarke, D. Hall, G.D. Johnson, H. Mattingly, P. Motta,
L.R. Parentiy C. Reynolds, C. Scharpf, E. Schultz,
M.L.]J. Stiassny, and S. Vives proved particularly alert
editors). Their suggestions alone led to many changes, to
which we have added literally hundreds of new examples,
facts, and updates. Wiley-Blackwell has provided a website
for this second edition, www.wiley.com/go/helfman,
through which we hope to again correct and update the
information provided here. We encourage any and all to
inform us wherever they encounter real or apparent errors
of any kind in this text. Please write directly to us. Chief
responsibilities fell on GSH for Chapters 1, 8-15, and
18-26 (genehelfman@gmail.com); on BBC for Chapters
2-4 and 16 (collettb@si.edu); on DEF for Chapters
5-7 (dfacey@smcvt.edu), and on BWB for Chapter 17
(bbowen@hawaii.edu). Once again and more than any-
thing, we want to get it right.
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Preface to the first edition

wo types of people are likely to pick up this book,

those with an interest in fishes and those with a fascina-
tion for fishes. This book is written by the latter, directed
at the former, with the intent of turning interest into
fascination.

Our two major themes are adaptation and diversity.
These themes recur throughout the chapters. Wherever
possible, we have attempted to understand the adaptive
significance of an anatomical, physiological, ecological, or
behavioral trait, pointing out how the trait affects an indi-
vidual’s probability of surviving and reproducing. Our
focus on diversity has prompted us to provide numerous
lists of species that display particular traits, emphasizing the
parallel evolution that has occurred repeatedly in the history
of fishes, as different lineages exposed to similar selection
pressures have converged on similar adaptations.

The intended audience of this book is the senior under-
graduate or graduate student taking an introductory course
in ichthyology, although we also hope that the more sea-
soned professional will find it a useful review and reference
for many topics. We have written this book assuming that
the student has had an introductory course in comparative
anatomy of the vertebrates, with at least background knowl-
edge in the workings of evolution. To understand ichthyol-
ogy, or any natural science, a person should have a solid
foundation in evolutionary theory. This book is not the
place to review much more than some basic ideas about
how evolutionary processes operate and their application
to fishes, and we strongly encourage all students to take a
course in evolution. Although a good comparative anatomy
or evolution course will have treated fish anatomy and
systematics at some length, we go into considerable detail
in our introductory chapters on the anatomy and systemat-
ics of fishes. The nomenclature introduced in these early
chapters is critical to understanding much of the informa-
tion presented later in the book; extra care spent reading
those chapters will reduce confusion about terminology
used in most other chapters.

More than 27,000 species of fishes are alive at present.
Students at the introductory level are likely to be over-
whelmed by the diversity of taxa and of unfamiliar names.
To facilitate this introduction, we have been selectively
inconsistent in our use of scientific versus common names.
Some common names are likely to be familiar to most

readers, such as salmons, minnows, tunas, and freshwater
sunfishes; for these and many others, we have used the
common family designation freely. For other, less familiar
groups (e.g., Sundaland noodlefishes, trahiras, morwongs),
we are as likely to use scientific as common names. Many
fish families have no common English name and for these
we use the Anglicized scientific designation (e.g., cichlids,
galaxiids, labrisomids). In all cases, the first time a family
is encountered in a chapter we give the scientific family
name in parentheses after the common name. Both scien-
tific and common designations for families are also listed
in the index. As per an accepted convention, where lists
of families occur, taxa are listed in phylogenetic order.
We follow Nelson et al. (1994, now updated) on names
of North American fishes and Robins et al. (1991, also
now updated) on classification and names of families and
of higher taxa. In the few instances where we disagree
with these sources, we have tried to explain our
rationale.

Any textbook is a compilation of facts. Every statement
of fact results from the research efforts of usually several
people, often over several years. Students often lose sight
of the origins of this information, namely the effort that
has gone into verifying an observation, repeating an experi-
ment, or making the countless measurements necessary to
establish the validity of a fact. An entire dissertation, rep-
resenting 3—-5 or more years of intensive work, may be
distilled down to a single sentence in a textbook. It is our
hope that as you read through the chapters in this book,
you will not only appreciate the diversity of adaptation in
fishes, but also consider the many ichthyologists who have
put their fascination to practical use to obtain the facts and
ideas we have compiled here. To acknowledge these efforts,
and because it is just good scientific practice, we have gone
to considerable lengths to cite the sources of our informa-
tion in the text, which correspond to the entries in the
lengthy bibliography at the end of the book. This will make
it possible for the reader to go to a cited work and learn
the details of a study that we can only treat superficially.
Additionally, the end of each chapter contains a list of
supplemental readings, including books or longer review
articles that can provide an interested reader with a much
greater understanding of the subjects covered in the
chapter.



Preface to the first edition

This book is not designed as a text for a course in fisher-
ies science. It contains relatively little material directly rel-
evant to such applied aspects of ichthyology as commercial
or sport fisheries or aquaculture; several good text and
reference books deal specifically with those topics (for start-
ers, see the edited volumes by Lackey & Nielsen 1980,
Nielsen & Johnson 1983, Schreck & Moyle 1990, and
Kohler & Hubert 1993). We recognize however that many
students in a college-level ichthyology class are training to
become professionals in those or related disciplines. Our
objectives here are to provide such readers with enough
information on the general aspects of ichthyology to make
informed, biologically sound judgments and decisions, and
to gain a larger appreciation of the diversity of fishes beyond
the relatively small number of species with which fisheries
professionals often deal.

Our emphasis throughout this text on evolved traits and
the selection pressures responsible for them does not mean
that we view every characteristic of a fish as an adaptation.
It is important to realize that a living animal is the result
of past evolutionary events, and that animals will be adapted
to current environmental forces only if those forces are
similar to what has happened to the individual’s ancestors
in the past. Such phylogenetic constraints arise from the
long-term history of a species. Tunas are masters of the
open sea as a result of a streamlined morphology, large
locomotory muscle mass connected via efficient tendons to
fused tail bones, and highly efficient respiratory and circula-
tory systems. But they rely on water flowing passively into
their mouths and over their gills to breathe and have
reduced the branchiostegal bones in the throat region that
help pump water over their gills. Tunas are, therefore,
constrained phylogenetically from using habitats or forag-
ing modes that require them to stop and hover, because by
ceasing swimming they would also cease breathing.
Animals are also imperfect because characteristics that
have evolved in response to one set of selective pressures
often create problems with respect to other pressures. Eve-
rything in life involves a trade-off, another recurring theme
in this text. The elongate pectoral fins (“wings”) of a fly-
ingfish allow the animal to glide over the water’s surface
faster than it can swim through the much denser water
medium. However, the added surface area of the enlarged
fins creates drag when the fish is swimming. This drag
increases costs in terms of a need for larger muscles to push
the body through the water, requiring greater food intake,
time spent feeding, etc. The final mix of traits evolved in a
species represents a compromise involving often-conflicting
demands placed on an organism. Because of phylogenetic

constraints, trade-offs, and other factors, some fishes and
some characteristics of fishes appear to be and are poorly
adapted. Our emphasis in this book is on traits for which
function has been adequately demonstrated or appears
obvious. Skepticism about apparent adaptations can only
lead to greater understanding of the complexities of the
evolutionary process. We encourage and try to practice
such skepticism.

This book results from effort expended and information
acquired over most of our professional lives. Each of us
has been tutored, coaxed, aided, and instructed by many
fellow scientists. A few people have been particularly instru-
mental in facilitating our careers as ichthyologists and
deserve special thanks: George Barlow, John Heiser, Bill
McFarland, and Jack Randall for GSH; Ed Raney, Bob
Gibbs, Ernie Lachner, and Dan Cohen for BBC; Gary
Grossman and George LaBar for DEF. The help of many
others is acknowledged and deeply appreciated, although
they go unmentioned here.

Specific aid in the production of this book has come
from an additional host of colleagues. Students in our
ichthyology classes have written term papers that served
as literature surveys for many of the topics treated here;
they have also critiqued drafts of chapters. Many col-
leagues have answered questions, commented on chapters
and chapter sections, loaned photographs, and sent us
reprints, requested and volunteered. Singling out a few
who have been particularly helpful, we thank C. Barbour,
J. Beets, W. Bemis, T. Berra, J. Briggs, E. Brothers,
S. Concelman, J. Crim, D. Evans, S. Hales, B. Hall,
C. Jeffrey, D. Johnson, G. Lauder, C. Lowe, D. Mann,
D. Martin, A. McCune, J. Meyer, J. Miller, J. Moore,
L. Parenti, L. Privitera, T. Targett, B. Thompson,
P. Wainwright, J. Webb, S. Weitzman, D. Winkelman,
J. Willis, and G. Wippelhauser. Joe Nelson provided us
logistic aid and an early draft of the classification incor-
porated into the 3rd edition of his indispensable Fishes of
the world. Often animated and frequently heated discus-
sions with ichthyological colleagues at annual meetings of
the American Society of Ichthyologists and Herpetologists
have been invaluable for separating fact from conven-
tional wisdom. Gretchen Hummelman and Natasha Rajack
labored long and hard over copyright permissions and
many other details. Academic departmental administrators
gave us encouragement and made funds and personnel
available at several crucial junctures during production. At
the University of Georgia we thank J. Willis (Zoology),
R. Damian (Cell biology), and G. Barrett, R. Carroll, and
R. Pulliam (Ecology) for their support. At St. Michael’s
College, we thank D. Bean (Biology). The personnel of
Blackwell Science, especially Heather Garrison, Jane
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Humphreys, Debra Lance, Simon Rallison, Jennifer Rosen-
blum, and Gail Segal, exhibited patience and professional-
ism at all stages of production.

Finally, a note on the accuracy of the information con-
tained in this text. As Nelson Hairston Sr. has so aptly
pointed out, “Statements in textbooks develop a life inde-
pendent of their validity.” We have gone to considerable

Preface to the first edition

lengths to get our facts straight, or to admit where uncer-
tainties lie. We accept full responsibility for the inevitable
errors that do appear, and we welcome hearing about them.
Please write directly to us with any corrections or com-
ments. Chief responsibilities fell on GSH for Chapters 1,
8-15, and 17-25; on BBC for Chapters 2-4 and 16; and
on DEF for Chapters 5-7.
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Figure | (opposite)

A school of Blackfin Barracuda, Sphyraena qenie (Perciformes,
Sphyraenidae). Most of the 21 species of barracuda occur in schools,
highlighting the observation that predatory as well as prey fishes form
aggregations (Chapters 19, 20, 22). Blackfins grow to about 1 m
length, display the silvery coloration typical of water column dwellers,
and are frequently encountered by divers around Indo-Pacific reefs.
Barracudas are fast-start predators (Chapter 8), and the pantropical
Great Barracuda, S. barracuda, frequently causes ciguatera fish
poisoning among humans (Chapter 25). Photo by D. Hall, www.
seaphotos.com.
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Chapter 1

The science of ichthyology

Chapter contents

What is a fish?, 3

Superlative fishes, 5

A brief history of ichthyology, 6
Additional sources of information, 7
Summary, 9

ishes make up more than half of the 55,000 species of

living vertebrates. Along with this remarkable taxo-
nomic diversity comes an equally impressive habitat diver-
sity. Today, and in the past, fishes have occupied nearly all
major aquatic habitats, from lakes and polar oceans that are
ice-covered through much of the year, to tropical swamps,
temporary ponds, intertidal pools, ocean depths, and all the
more benign environments that lie within these various
extremes. Fishes have been ecological dominants in aquatic
habitats through much of the history of complex life. To
colonize and thrive in such a variety of environments, fishes
have evolved obvious and striking anatomical, physiologi-
cal, behavioral, and ecological adaptations. Students of
evolution in general and of fish evolution in particular are
aided by an extensive fossil record dating back more than
500 million years. All told, fishes are excellent showcases
of the evolutionary process, exemplifying the intimate rela-
tionship between form and function, between habitat and
adaptation. Adaptation and diversity are interwoven
throughout the evolutionary history of fishes and are a
recurring theme throughout this book.

What is a fish?

It may in fact be unrealistic to attempt to define a “fish”,
given the diversity of adaptation that characterizes the
thousands of species alive today, each with a unique evo-

lutionary history going back millions of years and including
many more species. Recognizing this diversity, one can
define a fish as “a poikilothermic, aquatic chordate with
appendages (when present) developed as fins, whose chief
respiratory organs are gills and whose body is usually
covered with scales” (Berra 2001, p. xx), or more simply,
a fish is an aquatic vertebrate with gills and with limbs in
the shape of fins (Nelson 2006). To most biologists, the
term “fish” is not so much a taxonomic ranking as a
convenient description for aquatic organisms as diverse as
hagfishes, lampreys, sharks, rays, lungfishes, sturgeons,
gars, and advanced ray-finned fishes.

Definitions are dangerous, since exceptions are often
viewed as falsifications of the statement (see, again, Berra
2001). Exceptions to the definitions above do not negate
them but instead give clues to adaptations arising from
particularly powerful selection pressures. Hence loss of
scales and fins in many eel-shaped fishes tell us something
about the normal function of these structures and their
inappropriateness in benthic fishes with an elongate body.
Similarly, homeothermy in tunas and lamnid sharks instructs
us about the metabolic requirements of fast-moving preda-
tors in open sea environments, and lungs or other accessory
breathing structures in lungfishes, gars, African catfishes,
and gouramis indicate periodic environmental conditions
where gills are inefficient for transferring water-dissolved
oxygen to the blood. Deviation from “normal” in these and
other exceptions are part of the lesson that fishes have to
teach us about evolutionary processes.

The diversity of fishes

Numerically, valid scientific descriptions exist for approxi-
mately 27,977 living species of fishes in 515 families and
62 orders (Nelson 2006; W. Eschmeyer pers. comm.; Table
1.1) (note: “fish” is singular and plural for a single species,
“fishes” is singular and plural for more than one species;
see Fig. 1.1). Of these, 108 are jawless fishes (70 hagfishes
and 38 lampreys); 970 are cartilaginous sharks (403), skates
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The diversity of living fishes. Below is a brief listing of higher taxonomic categories of living fishes, in phylogenetic order. This list is meant as an introduction to
major groups of living fishes as they will be discussed in the initial two sections of this book. Many intermediate taxonomic levels, such as infraclasses,
subdivisions, and series, are not presented here; they will be detailed when the actual groups are discussed in Part lll. Only a few representatives of interesting or
diverse groups are listed. Taxa and illustrations from Nelson (2006).

Subphylum Cephalochordata — lancelets

Subphylum Craniata
Superclass Myxinomorphi
Class Myxini — hagfishes R —>
Superclass Petromyzontomorphi
Class Petromyzontida — lampreys
Superclass Gnathostomata — jawed fishes
Class Chondrichthyes — cartilaginous fishes
Subclass Elasmobranchii — sharklike fishes
Subclass Holocephali — chimaeras

Grade Teleostomi — bony fishes
Class Sarcopterygii — lobe-finned fishes
Subclass Coelacanthimorpha — coelacanths

Subclass Dipnoi — lungfishes

Class Actinopterygii — ray-finned fishes

Subclass Cladistia - bichirs m

Subclass Chondrostei — paddlefishes, sturgeons
Subclass Neopterygii — modern bony fishes, including gars and bowfin® g@@
Division Teleostei
Subdivision Osteoglossomorpha — bonytongues
Subdivision Elopomorpha — tarpons, bonefishes, eels

Subdivision Otocephala
Superorder Clupeomorpha — herrings

Superorder Ostariophysi — minnows, suckers, characins, loaches, catfishes

Subdivision Euteleostei — advanced bony fishes

Superorder Protacanthopterygii — pickerels, smelts, salmons
[Order Esociformes — pikes, mudminnows]®

Superorder Stenopterygii — bristlemouths, marine hatchetfishes, dragonfishes %‘
Superorder Ateleopodomorpha — jellynose fishes ~

Superorder Cyclosquamata — greeneyes, lizardfishes 4

Superorder Scopelomorpha — lanternfishes 4%
Superorder Lampriomorpha — opahs, oarfishes (

Superorder Polymixiomorpha — beardfishes A

TN
Superorder Paracanthopterygii — troutperches, cods, toadfishes, anglerfishes W

Superorder Acanthopterygii — spiny rayed fishes: mullets, silversides,
killifishes, squirrelfishes, sticklebacks, scorpionfishes, basses,
perches, tunas, flatfishes, pufferfishes, and many others

Gars and Bowfin are sometimes separated out as holosteans, a sister group to the teleosts (see Chapter 13).
®The esociform pikes and mudminnows are not as yet assigned to a superorder (see Chapter 14).



Chapter 1 The science of ichthyology

and rays (534), and chimaeras (33); and the remaining
26,000+ species are bony fishes; many others remain to
be formally described. When broken down by major habi-
tats, 41% of species live in fresh water, 58% in sea water,
and 1% move between fresh water and the sea during
their life cycles (Cohen 1970). Geographically, the highest
diversities are found in the tropics. The Indo-West Pacific
area that includes the western Pacific and Indian oceans
and the Red Sea has the highest diversity for a marine
area, whereas South America, Africa, and Southeast Asia,
in that order, contain the most freshwater fishes (Berra
2001; Lévéque et al. 2008). Fishes occupy essentially all
aquatic habitats that have liquid water throughout the
year, including thermal and alkaline springs, hypersaline
lakes, sunless caves, anoxic swamps, temporary ponds, tor-
rential rivers, wave-swept coasts, and high-altitude and
high-latitude environments. The altitudinal record is set
by some nemacheiline river loaches that inhabit Tibetan hot
springs at elevations of 5200 m. The record for unheated
waters is Lake Titicaca in northern South America, where
pupfishes live at an altitude of 3812 m. The deepest living
fishes are cusk-eels, which occur 8000 m down in the
deep sea.

Variation in body length ranges more than 1000-fold.
The world’s smallest fishes — and vertebrates — mature at
around 7-8 mm and include an Indonesian minnow, Pae-
docypris progenetica, and two gobioids, Trimmatom nanus
from the Indian Ocean and Schindleria brevipinguis from
Australia’s Great Barrier Reef (parasitic males of a deepsea
anglerfish Photocorynus spiniceps mature at 6.2 mm,
although females are 10 times that length). The world’s
longest cartilaginous fish is the 12 m long (or longer) Whale
Shark Rhincodon typus, whereas the longest bony fish is the
8 m long (or longer) Oarfish Regalecus glesne. Body masses

Figure 1.1

Fish versus fishes. By convention, “fish” refers to
one or more individuals of a single species.

“Fishes” is used when discussing more than one
species, regardless of the number of individuals
involved. Megamouth, paddlefish, and char drawings
courtesy of P Vecsei; oarfish drawing courtesy of

T. Roberts.

top out at 34,000 kg for whale sharks and 2300 kg for the
Ocean Sunfish Mola mola. Diversity in form includes rela-
tively fishlike shapes such as minnows, trouts, perches,
basses, and tunas, but also such unexpected shapes as
boxlike trunkfishes, elongate eels and catfishes, globose
lumpsuckers and frogfishes, rectangular ocean sunfishes,
question-mark-shaped seahorses, and flattened and circular
flatfishes and batfishes, ignoring the exceptionally bizarre
fishes of the deep sea.

Superlative fishes

A large part of ichthyology’s fascination is the spectacular
and unusual nature of the subject matter (see Lundberg
et al. 2000). As a few examples:

® Coelacanths, an offshoot of the lineage that gave rise
to the amphibians, were thought to have died out with
the dinosaurs at the end of the Cretaceous, 65 million
years ago. However, in 1938, fishermen in South
Africa trawled up a very live Coelacanth. This
fortuitous capture of a living fossil not only rekindled
debates about the evolution of higher vertebrates, but
underscored the international and political nature of
conservation efforts (see Chapter 13).

© Lungfishes can live in a state of dry “suspended
animation” for up to 4 years, becoming dormant when
their ponds dry up and reviving quickly when
immersed in water (see Chapters 5, 13).

© Antarctic fishes live in water that is colder than the
freezing point of their blood. The fishes keep from
freezing by avoiding free ice and because their blood
contains antifreeze proteins that depress their blood’s



freezing point to —2°C. Some Antarctic fishes have no
hemoglobin (see Chapter 18).

Deepsea fishes include many forms that can swallow
prey larger than themselves. Some deepsea anglerfishes
are characterized by females that are 10 times larger
than males, the males existing as small parasites
permanently fused to the side of the female, living off
her blood stream (see Chapter 18).

Fishes grow throughout their lives, changing their
ecological role several times. In some fishes,
differences between larvae and adults are so
pronounced that many larvae were originally described
as entirely different taxa (see Chapter 9).

Fishes have maximum life spans of as little as 10
weeks (African killifishes and Great Barrier Reef
pygmy gobies) and as long as 150 years (sturgeons and
scorpaenid rockfishes). Some short-lived species are
annuals, surviving drought as eggs which hatch with
the advent of rains. Longer lived species may not
begin reproducing until they are 20 years old, and
then only at 5+ year intervals (see Chapter 10).

Gender change is common among fishes. Some species
are simultaneously male and female, whereas others
change from male to female, or from female to male
(see Chapters 10, 21).

Fishes engage in parental care that ranges from simple
nest guarding to mouth brooding to the production of
external or internal body substances upon which
young feed. Many sharks have a placental structure as
complex as any found in mammals. Egg-laying fishes
may construct nests by themselves, whereas some
species deposit eggs in the siphon of living clams, on
the undersides of leaves of terrestrial plants, or in the
nests of other fishes (see Chapters 12, 21).

Fishes are unique among organisms with respect to
the use of bioelectricity. Many fishes can detect
biologically meaningful, minute quantities of
electricity, which they use to find prey, competitors, or
predators and for navigation. Some groups have
converged on the ability to produce an electrical field
and obtain information about their surroundings from
disturbances to the field, whereas others produce large
amounts of high-voltage electricity to deter predators
or stun prey (see Chapters 6, 19, 20).

Fishes are unique among vertebrates in their ability to
produce light; this ability has evolved independently in
different lineages and can be either autogenic
(produced by the fish itself) or symbiotic (produced by
bacteria living on or in the fish) (see Chapter 18).

Although classically thought of as cold-blooded, some
pelagic sharks and tunas maintain body temperatures
warmer than their surroundings and have circulatory
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systems specifically designed for such temperature
maintenance (see Chapter 7).

Predatory tactics include attracting prey with modified
body parts disguised as lures, or by feigning death.
Fishes include specialists that feed on ectoparasites,
feces, blood, fins, scales, young, and eyes of other
fishes (see Chapters 19, 20).

Fishes can significantly change the depth of their
bodies by erecting their fins or by filling themselves
with water, an effective technique for deterring many
predators. In turn, the ligamentous and levering
arrangement of mouth bones in some fishes allows
them to increase mouth volume when open by as
much as 40-fold (see Chapters 8, 20).

Some of the most dramatic field and laboratory
demonstrations of evolution as an ongoing process
result from studies of fishes. Both natural and sexual
selection have been experimentally manipulated in
Guppies, swordtails, and sticklebacks, among others.
These investigations show how competition, predation,
and mate choice lead to adaptive alterations in body
shape and armor, body color and color vision, and
feeding habits and locales (see Chapters 17, 19, 20,
24). Fishing has also proven to be a powerful
evolutionary force, affecting population structure and
size, ages and sizes at which fish reproduce, body
shape, and behavior (see Chapter 26).

Additionally, and although not covered in detail in this text,
fishes have become increasingly important as laboratory
and assay organisms. Because of small size, ease of care,
rapid growth and short generation times, and larval ana-
tomical features, such species as Medaka, Oryzias latipes,
and Zebrafish, Danio rerio, are used increasingly in studies
of toxicology, pharmacology, neurobiology, developmental
biology, cancer and other medical research, aging, genom-
ics, and recombinant DNA methodology (e.g., Geisler et al.
1999; Bolis et al. 2001; Tropepe & Sive 2003; Zbikowska
2003).

Fishes would be just as diverse and successful without ich-
thyologists studying them, but what we know about their
diversity is the product of the efforts of workers worldwide
over several centuries. Students in an introductory course
often have difficulty appreciating historical treatments of
the subject; the names are strange, the people are dead
(sometimes as a result of their scientific efforts), and the
relevance is elusive. However, science is a human endeavor
and knowing something about early ichthyologists, their
activities, and their contributions to the storehouse of
knowledge that we possess today should help give a sense
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of the dynamics and continuity of this long-established
science.

Although natural historians in most cultures have studied
fishes for millenia, modern science generally places its roots
in the works of Carl Linne (Linnaeus). Linnaeus produced
the first real attempt at an organized system of classifica-
tion. Zoologists have agreed to use the 10th edition of his
Systema naturae (1758) as the starting point for our formal
nomenclature. The genius of Linnaeus’ system is what we
refer to as binomial nomenclature, naming every organism
with a two-part name based on genus (plural genera) and
species (singular and plural, abbreviated sp. or spp., respec-
tively). Linnaeus did not care much for fishes so his ich-
thyological classification, which put the diversity of fishes
at less than 500 species, is actually based largely on the
efforts of Peter Artedi, the acknowledged “father of ichthy-
ology”. Artedi reportedly drowned one night after falling
into a canal in Amsterdam while drunk, albeit under suspi-
cious circumstances implicating a jealous mentor.

In the mid-1800s, the great French anatomist Georges
Cuvier joined forces with Achille Valenciennes to produce
the first complete list of the fishes of the world. During
those times, French explorers were active throughout much
of the world and many of their expeditions included natu-
ralists who collected and saved material. Thus, the Histoire
naturelle de poissons (1829-1849) includes descriptions of
many previously undescribed species of fishes in its 24
volumes. This major reference is still of great importance
to systematic ichthyologists today, as are the specimens
upon which it is based, many of which are housed in the
Museum National d’Histoire Naturelle in Paris.

A few years later, Albert Giinther produced a multivol-
ume Catalogue of fishes in the British Museum (1859-1870).
Although initially designed to simply list all the specimens
in the British collections, Giinther included all the species
of which he was aware, making this catalog the second
attempt at listing the known fishes of the world.

The efforts of Linnaeus, Artedi, Cuvier and Valenciennes,
and Giinther all placed species in genera and genera in
families based on overall resemblance. A modern philo-
sophical background to classification was first developed by
Charles Darwin with the publication of his On the origin
of species in 1859. His theory of evolution meant that species
placed together in a genus were assumed to have had a
common origin, a concept that underlies all important sub-
sequent classifications of fishes and other organisms.

The major force in American ichthyology was David
Starr Jordan. Jordan moved from Cornell University to the
University of Indiana and then to the presidency of
Stanford University. He and his students and colleagues
were involved in describing the fishes collected during
explorations of the United States and elsewhere in the late
1800s and early 1900s. In addition to a long list of papers,
Jordan and his co-workers, including B. W. Evermann,

produced several publications which form the basis of our
present knowledge of North American fishes. This includes
the four-volume The fishes of North and Middle America
(1896-1990) which described all the freshwater and marine
fishes known from the Americas north of the Isthmus of
Panama. Jordan and Evermann in 1923 published a list of
all the genera of fishes that had ever been described, which
served as the standard reference until recently, when it was
updated and replaced by Eschmeyer (1990).

Overlapping with Jordan was the distinguished British
ichthyologist, C. Tate Regan, based at the British Museum
of Natural History. Regan revised many groups and his work
formed the basis of most recent classifications. Unfortunately,
this classification was never published in one place and the
best summary of it is in the individual sections on fishes in
the 14th edition of the Encyclopedia Britannica (1929).

A Russian ichthyologist, Leo S. Berg, first integrated
paleoichthylogy into the study of living fishes in his 1947
monograph Classification of fishes, both recent and fossil,
published originally in Russian and English. He was also
the first ichthyologist to apply the -iformes uniform endings
to orders of fishes, replacing the classic and often confusing
group names.

In 1966, three young ichthyologists, P Humphry
Greenwood at the British Museum, Donn Eric Rosen at
the American Museum of Natural History, and Stanley H.
Weitzman at the US National Museum of Natural History,
joined with an old-school ichthyologist, George S. Myers
of Stanford University, to produce the first modern classi-
fication of the majority of present-day fishes, the Teleostei.
This classification was updated in Greenwood’s 3rd edition
of J. R. Norman’s classic A history of fishes (Norman &
Greenwood 1975), and is the framework, with modifica-
tions based on more recent findings, of the classification
used by Nelson and followed in this book.

Details of the early history of ichthyology are available
in D. S. Jordan’s classic A guide to the study of fishes, Vol.
I (1905). For a more thorough treatment of the history of
North American ichthyology, we recommend Myers (1964)
and Hubbs (1964). An excellent historical synopsis of
European and North American ichthyologists can also be
found in the introduction of Pietsch and Grobecker (1987);
a compilation focusing on the contributions of women
ichthyologists appears in Balon et al. (1994). Some recent
and important discoveries are reviewed in Lundberg et al.

(2000).

This book is one view of ichthyology, with an emphasis on
diversity and adaptation (please read the preface). It is by



no means the final word nor the only perspective available.
As undergraduates, we learned about fishes from other
textbooks, some of which are in updated editions from
which we have taught our own classes. All of these books
are valuable. We have read or reread them during the pro-
duction of this book to check on topics deserving coverage,
and we frequently turn to them for alternative approaches
and additional information. Among the most useful are
Lagler et al. (1977), Bone et al. (1995), Hart and Reynolds
(2002a, 2002b), Moyle and Cech (2004), and Barton
(2006). The 1997 edition of the present text was sum-
marized by Helfman (2001). For laboratory purposes,
Cailliet et al. (1986) is very helpful. From a historical
perspective, books by Jordan (1905, 1922), Nikolsky
(1961), and Norman and Greenwood (1975) are informa-
tive and enjoyable.

Three references have proven indispensable during the
production of this book, and their ready access is recom-
mended to anyone desiring additional information and par-
ticularly for anyone contemplating a career in ichthyology
or fisheries science. Most valuable is Nelson’s Fishes of the
world (4th edn, 2006). For North American workers, the
current edition of Nelson et al. Common and scientific
names of fishes from the United States, Canada, and Mexico
(6th edn, 2004) is especially useful. Finally, of a specialized
but no less valuable nature, is Eschmeyer’s Catalog of the
genera of recent fishes (1990, updated in 2005 and available
at www.calacademy.org). The first two books, although
primarily taxonomic lists, are organized in such a way that
they provide information on currently accepted phyloge-
nies, characters, and nomenclature; Nelson (2006) is
remarkably helpful with anatomical, ecological, evolution-
ary, and zoogeographic information on most families.
Eschmeyer’s volumes are invaluable when reading older or
international literature because they give other names that
have been used for a fish (synonymies) and indicate the
family to which a genus belongs.

Of a less technical but useful nature are fish encyclope-
dias, such as Wheeler’s (1975) Fishes of the world, also
published as The world encyclopedia of fishes (1985),
McClane’s new standard fishing encyclopedia (McClane
1974), or Paxton and Eschmeyer’s (1998) Encyclopedia of
fishes (the latter is fact-filled and lavishly illustrated). Species
guides exist for most states and provinces in North America,
most countries in Europe (including current and former
British Commonwealth nations), and some tropical nations
and regions. These are too numerous and too variable in
quality for listing here; a good source for titles is Berra
(2001). Two of our favorite geographic treatments of fishes
are as much anthropological as they are ichthyological,
namely Johannes’ (1981) Words of the lagoon and
Goulding’s (1980) The fishes and the forest. A stroll through
the shelves of any decent public or academic library is
potentially fascinating, with their collections of ichthyology
texts dating back a century, geographic and taxonomic
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guides to fishes, specialty texts and edited volumes, and
works in or translated from many languages. Among the
better known, established journals that specialize in or
often focus on fish research are Copeia, Transactions of the
American Fisheries Society, Environmental Biology of Fishes,
North American Journal of Fisheries Management, US
Fishery Bulletin, Canadian Journal of Fisheries and Aquatic
Sciences, Canadian Journal of Zoology, Journal of Fish
Biology, Journal of Ichthyology (the translation of the
Russian journal Voprosy Ikhtiologii), Australian and New
Zealand Journals of Marine and Freshwater Research,
Bulletin of Marine Science, and Japanese Journal of
Ichthyology.

The world wide web has developed into an indispensa-
ble source for technical information, spectacular photo-
graphs, and updated conservation information concerning
fishes. Although websites come and go — and although web
information often suffers from a lack of critical peer review
— many sites have proven themselves to be both dependable
and reliable. For general, international taxonomic informa-
tion, the Integrated Taxonomic Information System (ITIS,
www.itis.usda.gov/index.html) and Global Biodiversity
Information Facility (GBIF, www.gbif.org) are starting
points. For user-friendliness and general information,
FishBase (www.FishBase.org) is the unquestioned leader.
Photographs and drawings are most easily accessed via
Google and A9, which are cross-linked (http://images.
google.com, www.A9.com). For conservation status and
background details, www.redlist.org is the accepted
authority on international issues, and NatureServe (www.
natureserve.org) is the most useful clearinghouse for North
American taxa. Several museums maintain updated infor-
mation on fishes; our favorites are the Australian Museum
(www.amonline.net.au/fishes), University of Michigan
Museum of Zoology (http://animaldiversity.ummz.umich.
edu), Florida Museum of Natural History (www.flmnh.ufl.
edu/fish, which is especially good for sharks), and the
California Academy of Sciences (www.calacademy.org/
research/ichthyology); for North American freshwater
fishes, see the Texas Memorial Museum (www.utexas.edu/
tmm/tnhc/fish/na/naindex) and the North American Native
Fishes Association website (http://nanfa.org/checklist.
shtml). The best sites provide links to many additional sites
that offer more localized or specific information.

Although diving does not in itself constitute a biological
science any more than does casual bird watching, snorkeling
and scuba diving are essential methods for acquiring detailed
information on fish biology. Two of us (Helfman, Collette)
credit the thousands of hours we have spent underwater as
formative and essential to our understanding of fishes. A
full appreciation for the wonders of adaptation in fishes
requires that they be viewed in their natural habitat, as they
would be seen by their conspecifics, competitors, predators,
and neighbors (it is fun to try to think like a fish). We
strongly urge anyone seriously interested in any aspect of
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fish biology to acquire basic diving skills, including the
patience necessary to watch fishes going about their daily
lives. Public and commercial aquaria are almost as valuable,
particularly because they expose an interested person to a
wide zoogeographic range of species, or to an intense selec-
tion of local fishes that are otherwise only seen dying in a
bait bucket or at the end of a fishing line. Our complaint
about such facilities is that, perhaps because of space con-

Summary

Fishes account for more than half of all living
vertebrates and are the most successful vertebrates in
aquatic habitats worldwide. There are about 28,000
living species of fishes, of which approximately 1000
are cartilaginous (sharks, skates, ray), 108 are jawless
(hagfishes, lampreys), and the remaining 26,000 are
bony fishes.

A fish can be defined as an aquatic vertebrate with
gills and with limbs in the shape of fins. Included in
this definition is a tremendous diversity of sizes (from
8 mm gobies and minnows to 12+ m whale sharks),
shapes, ecological functions, life history scenarios,
anatomical specializations, and evolutionary
histories.

Most (about 60%) of living fishes are primarily marine
and the remainder live in fresh water; about 1% move
between salt and fresh water as a normal part of their
life cycle. The greatest diversity of fishes is found in
the tropics, particularly the Indo-West Pacific region for
marine fishes, and tropical South America, Africa, and
Southeast Asia for freshwater species.

Unusual adaptations among fishes include African
lungfishes that can live in dry mud for up to 4 years,
supercooled Antarctic fishes that live in water colder
than the freezing point of their blood, deepsea fishes
that can swallow prey larger than themselves (some
deepsea fishes exist as small males fused to and

straints or an anticipated short attention span on the part
of viewers, large aquaria seldom provide details about the
fascinating lives of the animals they hold in captivity. Home
aquaria are an additional source for inspiration and fascina-
tion, although we are deeply ambivalent about their value
because so many tropical fishes are killed or habitats
destroyed in the process of providing animals for the com-
mercial aquarium trade, particularly for marine tropicals.

entirely parasitic on larger females), annual species
that live less than a year and other species that may
live 150 years, fishes that change sex from female to
male or vice versa, sharks that provide nutrition for
developing young via a complex placenta, fishes that
create an electric field around themselves and detect
biologically significant disturbances of the field, light-
emitting fishes, warm-blooded fishes, and at least one
taxon, the coelacanth, that was thought to have gone
extinct with the dinosaurs.

Historically important contributions to ichthyology were
made by Linnaeus, Peter Artedi, Georges Cuvier,
Achille Valenciennes, Albert Glnther, David Starr
Jordan, B. W. Evermann, C. Tate Regan, and

Leo S. Berg, among many others.

The literature on fishes is voluminous, including a
diversity of college-level textbooks, popular and
technical books, and websites that contain information
on particular geographic regions, taxonomic groups,
or species sought by anglers or best suited for
aquarium keeping or aquaculture. Scientific journals
with local, national, or international focus are produced
in many countries. Another valuable source of
knowledge is public aquaria. Observing fishes by
snorkel or scuba diving will provide anyone interested
in fishes with indispensable, first-hand knowledge and
appreciation.
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he basis of a taxonomically oriented discipline such as

ichthyology is an organized, hierarchical system of
names of fishes and evolutionary hypotheses associated
with those names. This underlying structure provides a
basis for identifying and discriminating among fish species
and for understanding relationships among species and
higher taxa. It also provides the common language that
allows communication and discussion among ichthyolo-
gists. This enterprise is generally known as systematics. In
this chapter, we discuss the need for and value, functions,
and goals of systematic procedures, different philosophies
for classifying organisms, and how systematic procedures
may lead to an increase in our understanding of fishes.

Why do we need a system of classification? Things must
be named and divided into categories before we can talk
about and compare them. This includes cars, athletes,
books, plants, and animals. We cannot deal with all the
members of a class (such as the 28,000 species of fishes)
individually, so we must put them into some sort of classi-

fication. Different types of classifications are designed for
different functions. For example, one can classify automo-
biles by function (sedan, van, pickup, etc.) or by manufac-
turer (Ford, General Motors, Toyota, etc.). Baseball players
can be classified by position (catcher, pitcher, first baseman,
etc.) or by team (Cubs, Orioles, etc.). Books may be shelved
in a library by subject or by author. Similarly, animals can
be classified ecologically as grazers, detritivores, carnivores,
and so forth, or phylogenetically, on the basis of their
evolutionary relationships.

Good reasons exist for ecologists to classify organisms
ecologically, but this is a special classification for special
purposes. The most general classification is considered to
be the most natural classification, defined as the classifica-
tion that best represents the phylogenetic (= evolutionary)
history of an organism and its relatives. A phylogenetic
classification of taxonomic groups (taxa) holds extra
information because the categories are predictive. Just as
experience with one bad Ford automobile may lead an
owner to generalize about other Fords, phylogenetic clas-
sification can also be predictive. If one species of fish in a
genus builds a nest, it is likely that other species in that
genus also do so.

Species are the fundamental unit of classification schemes.
What is a species, and how should species be arranged in
a phylogenetic classification? The early 20th century British
ichthyologist C. Tate Regan (1926) defined a species as “A
community, or a number of related communities whose
distinctive morphological characters are, in the opinion of
a competent systematist, sufficiently definite to entitle it,
or them to a specific name”. This practical, but somewhat
circular, definition of a species, now termed a morphospe-
cies, does not depend on evolutionary concepts.

In the late 1930s and early 1940s, the first major attempts
were made to integrate classification with evolution. Julian
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Huxley integrated genetics into evolution in his book The
new systematics in 1940. In Systematics and the origin of
species, Ernst Mayr (1942, p. 120) introduced the biologi-
cal species concept. To Mayr, species were “groups of
actually or potentially interbreeding populations which are
reproductively isolated from other such groups”. This was
an important effort to move away from defining species
strictly on the basis of morphological characters. This
definition has been modified to better fit current concepts
of evolution: an evolutionary species “is a single lineage of
ancestor—descendant populations which maintains its iden-
tity from other such lineages and which has its own evolu-
tionary tendencies and historical fate” (Wiley 1981, p. 25).
An entire issue of Reviews in Fish Biology and Fisheries was
devoted to “The species concept in fish biology” (Nelson
1999).

These two words are not exact synonyms but rather describe
somewhat overlapping fields. Taxonomy deals with the
theory and practice of describing biodiversity (including
naming undescribed species), arranging this diversity into
a system of classification, and devising identification keys.
It includes the rules of nomenclature that govern use of
taxonomic names. Systematics emphasizes the study of rela-
tionships postulated to exist among species or higher taxa,
such as families and orders. Lundberg and McDade (1990)
have presented a good summary of systematics oriented
toward those interested in fishes. The two primary journals
dealing with systematics of animals are Systematic Biology
(formerly Systematic Zoology), published by the Society of

Box 2.1

An ideal example of how cladistics should work concerns
the oceanic fish known as the Louvar (Luvarus imperialis).
Most ichthyologists have classified the Louvar as a strange
sort of scombroid fish (Scombroidei), the perciform
suborder that contains the tunas, billfishes, and snake
mackerels. However, a comprehensive morphological and
osteological study (Tyler et al. 1989) showed clearly that
the Louvar is actually an aberrant pelagic relative of the
surgeonfishes (Acanthuroidei). This example is instructive
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Systematic Biologists, and Cladistics, published by the Willi
Hennig Society. For journals dealing with systematics of
fishes see Chapter 1, Additional sources of information.

Three general philosophies of classification have dominated
scientific thought in the area of systematics: cladistics,
phenetics, and evolutionary systematics.

A revolution in systematic methodology was begun by a
German entomologist, Willi Hennig. He introduced what
has become known as cladistics, or phylogenetic systemat-
ics, following publication of the 1966 English translation
of an extensively revised version of his 1950 German mon-
ograph. His fundamental principle was to divide characters
into two groups: apomorphies (more recently evolved,
derived, or advanced characters) and plesiomorphies (more
ancestral, primitive, or generalized characters). The goal is
to find synapomorphies (shared derived characters) that
diagnose monophyletic groups, or clades (groups contain-
ing an ancestor and all its descendant taxa). Symplesiomor-
phies (shared primitive characters) do not provide data
useful for constructing phylogenetic classifications because
primitive characters may be retained in a wide variety of
distantly related taxa; advanced as well as primitive taxa
may possess symplesiomorphies. Autapomorphies, special-
ized characters that are present in only a single taxon, are
important in defining that taxon but are also not useful in
constructing a phylogenetic tree.

All three major systematic approaches produce
some sort of graphic illustration that depicts the different
taxa, arranged in a manner that reflects their hypothesized
relationships. In cladistics, taxa are arranged on a branch-
ing diagram called a cladogram (Box 2.1, Fig. 2.1).

because the study utilized 60 characters from adults and
30 more from juveniles (Fig. 2.1). Homoplasies — charac-
ters postulated to be reversals (return to original condition)
or independent acquisitions (independently evolved) —were
minimal. With the cladistic approach, synapomorphies
show that the relationships of the Louvar are with the acan-
thuroids, whereas noncladistic analysis overemphasized
caudal skeletal characters, leading to placement among
the scombroids.
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Siganidae Luvaridae Zanclidae Nasinae
= 33-39
"= 12-24
40-44
76-79
25-32
69-75
1-11
61-68

Monophyletic groups are defined by at least one synapo-
morphy at a node, or branching point, on the cladogram.
Deciding whether a character is plesiomorphic or apomor-
phic is based largely on outgroup analysis, that is, finding
out what characters are present in outgroups, closely related
groups outside the taxon under study, which is designated
the ingroup. More than one outgroup should be used to
protect against the problem of interpreting an apomorphy
in an outgroup as a symplesiomorphy. The polarity of a
character or the inferred direction of its evolution (e.g.,
from soft-rayed to spiny-rayed fins) is determined using
outgroup comparison or ontogeny. Sister groups are the
most closely related clades in the nodes of a cladogram.
Problems arise when there are homoplasies, which are
shared, independently derived similarities such as parellel-
isms, convergences, or secondary losses. These do not
reflect the evolutionary history of a taxon.

A primary goal of phylogenetic systematics is the defini-
tion of monophyletic groups. Current researchers agree on
the necessity of avoiding polyphyletic groups — groups
containing the descendants of different ancestors. Most
researchers are equally adamant that monophyletic should
be equal to holophyletic, groups containing all the descend-
ants of a single ancestor, and avoiding paraphyletic groups,
groups that do not contain all the descendants of a single
ancestor. Grades are groups that are defined by their mor-
phological or ecological distinctness and not necessarily by
synapomorphies.

Ideally, when constructing a classification, a taxon can
be defined by a number of synapomorphies. However, con-
flicting evidence frequently exists. Some characters show

Acanthurinae

Figure 2.1

Cladogram of hypothesized relationships of the Louvar
(Luvarus, Luvaridae) and other Acanthuroidei. Arabic
numerals show synapomorphies: numbers 1 through 60
represent characters from adults, 61 through 90
characters from juveniles. Some sample synapomorphies
include: 2, branchiostegal rays reduced to four or five; 6,
premaxillae and maxillae (upper jawbones) bound
together; 25, vertebrae reduced to nine precaudal plus
13 caudal; 32, single postcleithrum behind the pectoral
girdle; 54, spine or plate on caudal peduncle; 59, teeth
spatulate. From Tyler et al. (1989).

the relationships of group A to group B, but other charac-
ters may show relationships of group A to group C. The
principle used to sort out the confusion is that of parsi-
mony: select the hypothesis that explains the most data in
the simplest or most economical manner (Box 2.1).

With large numbers of characters and large numbers of
taxa, it frequently becomes necessary to utilize computer
programs to identify the most parsimonious hypotheses,
which may be defined as the hypotheses requiring the
fewest number of steps to progress from the outgroup to
the terminal taxa on a cladogram. Phylogenetic programs
based on parsimony algorithms include Hennig86 (Farris
1988), PAUP (phylogenetic analysis using parsimony;
Swofford 2003), and NONA (Goloboff 1999). Maximum
likelihood models to infer phylogenies have been pro-
grammed (e.g., MrBayes; Ronquist & Huelsenbeck 2003)
to handle the enormous amount of data generated from
molecular sequences. A thorough explanation of cladistic
methodology is presented by Wiley (1981), and cogent,
brief summaries can be found in Lundberg and McDade
(1990) and Funk (1995).

Cladistic techniques and good classifications based on
these techniques have proved particularly useful in analyz-
ing the geographic distribution of plants and animals in a
process called vicariance biogeography (see Box 16.2).

Phenetics, or numerical taxonomy, is a second approach
to systematics. Phenetics starts with species or other taxa
as operational taxonomic units (OTUs) and then clusters
the OTUs on the basis of overall similarity, using an array
of numerical techniques. Advocates of this school believe
that the more characters used the better and more natural
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the classification should be (Sneath & Sokal 1973). Some
of the numerical techniques devised by this school are
useful in dealing with masses of data and have been incor-
porated into cladistics. However, few modern systematists
subscribe to the view that using a host of characters, without
distinguishing between plesiomorphies and apomorphies,
will provide a natural classification. Some molecular sys-
tematists still use phenetic methods to treat their data.
Graphic representations in phenetics, known as pheno-
grams, look like tennis ladders, with OTUs in place of the
competitors. Relatedness is determined by comparing meas-
ured linear distances between OTUs; the closer two units
are, the more closely related they are.

Evolutionary systematics, as summarized by Mayr
(1974), holds that anagenesis, the amount of time and dif-
ferentiation that have taken place since groups divided,
must also be taken into consideration along with cladogen-
esis, the process of branch or lineage splitting between
sister groups. Evolutionary relationships are expressed on
a tree called a phylogram. The contrast between cladistic
and evolutionary schools can be demonstrated by consider-
ing how to classify birds. Cladists emphasize the fact that
crocodiles and birds belong to the same evolutionary line
by insisting they must be included within a named mono-
phyletic group, Archosauria, in a phylogenetic classifica-
tion. Evolutionary systematists emphasize the long time gap
between fossil crocodilians and modern birds and believe
that birds and crocodiles must be treated as separate evo-
lutionary units.

Most leading ichthyological theorists favor the cladistic
school and tend to consider any problems resulting from
strictly following cladistic theory as minor. On the other
hand, many practical ichthyologists, working at the species
level, ignore the controversy so they can get on with the
business of describing and cataloging ichthyological diver-
sity before humans exterminate large segments of it.

Whichever system of classification is employed, characters
are needed to differentiate taxa and assess their interrela-
tionships. Characters, as Stanford ichthyologist George
Myers once said, are like gold — they are where you find
them. Characters are variations of a homologous structure
and, to be useful, they must show some variation in the
taxon under study. Useful definitions of a wide variety of
characters were presented by Strauss and Bond (1990).
Characters can be divided, somewhat arbitrarily, into dif-
ferent categories.

Meristic characters originally referred to characters that
correspond to body segments (myomeres), such as numbers
of vertebrae and fin rays. Now, meristic is used for almost
any countable structure, including numbers of scales, gill
rakers, cephalic pores, and so on. These characters are
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useful because they are clearly definable, and usually other
investigators will produce the same counts. In most cases,
they are stable over a wide range of body size. Also, meristic
characters are easier to treat statistically, so comparisons
can be made between populations or species with a
minimum of computational effort.

Morphometric characters refer to measurable structures
such as fin lengths, head length, eye diameter, or ratios
between such measurements. Some morphometric charac-
ters are harder to define exactly, and being continuous
variables, they can be measured to different levels of preci-
sion and so are less easily repeated. Furthermore, there is
the problem of allometry, whereby lengths of different
body parts change at different rates with growth (see
Chapter 10). Thus analysis of differences is more complex
than with meristic characters. Size factors have to be com-
pensated for through use of such techniques as regression
analysis, analysis of variance (ANOVA), and analysis of
covariance (ANCOVA) so that comparisons can be made
between actual differences in characters and not differences
due to body size. Principal components analysis (PCA) also
adjusts for size, particularly if size components are removed
by shear coefficients, as recommended by Humphries et al.
(1981).

Widely used definitions of most meristic and morpho-
metric characters were presented by Hubbs and Lagler
(1964); some of these are illustrated in Fig. 2.2.

Anatomical characters include characters of the skele-
ton (osteology) and characters of the soft anatomy, such
as position of the viscera, divisions of muscles, and branches
of blood vessels. Some investigators favor osteological
characters because such characters have been thought to
vary less than other characters. In some cases, this supposi-
tion has been due to the use of much smaller sample sizes
than with the analysis of meristic or morphometric
characters.

Other characters can include almost any fixed, describ-
able differences among taxa. For example, color can include
such characters as the presence of stripes, bars, spots, or
specific colors. Photophores are light-producing structures
that vary in number and position among different taxa.
Sexually dimorphic (“two forms”) structures can be of
functional value, including copulatory organs used by males
to inseminate females, like the gonopodium of a guppy
(modified anal fin) or the claspers of chondrichthyans
(modified pelvic fins). Cytological (including karyological),
electrophoretic, serological, behavioral, and physiological
characters are useful in some groups.

Molecular characters, especially nuclear DNA and mito-
chondrial DNA (mtDNA) have become increasingly useful
at all levels of classification (Hillis & Moritz 1996; Page &
Holmes 1998; Avise 2004; see Chapter 17). All organisms
contain DNA, RNA, and proteins. Closely related organ-
isms show a high degree of similarity in molecular struc-
tures. Molecular systematics uses such data to build trees
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Some meristic and morphometric characters shown
on a hypothetical scombrid fish.
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showing relationships. It is becoming easier and cheaper to
sequence longer sequences of nucleotides.

Molecular data can be used to test hypotheses of
relationships based on morphological data. An example
are the analyses of similar morphological data sets for the
Scombroidei by Collette et al. (1984) and by Johnson
(1986) that produced different cladograms resulting in very
different classifications. In a computer-generated cladog-
ram (WAGNER 78; Farris 1970), Collette et al. (1984)
postulated a sister-group relationship of the Wahoo (Acan-
thocybium) and Spanish mackerels (Scomberomorus) within
the family Scombridae. In contrast, Johnson (1986) placed
the Wahoo as sister to the billfishes within a greatly
expanded Scombridae that includes billfishes as a tribe,
instead of being in the separate families Xiphiidae and
Istiophoridae. In part, the different authors reached differ-
ent conclusions because they analyzed the data sets differ-
ently. Another part of the differences in classification
centers on the large amount of homoplasy present. No
matter which classification is employed, a large number of
characters must be postulated to show reversal or inde-
pendent acquisition. Either more data or a different method
of analysis was needed to resolve the conflict. Molecular
data, both nuclear and mitochondrial DNA (Orrell et al.
2006), supports the view that the Wahoo is a scombrid and
strongly refutes a close relationship between billfishes and
scombroids.

Another use of molecular data is in what has been termed
barcoding. This relies on differences between species in a
relatively short segment of mtDNA, an approximately 655
base pair region of cytochrome oxidase subunit I gene
(COTI) which Hebert et al. (2003) have proposed as a global
bioidentification system for animals. It has been likened to
the barcodes that we see on items in grocery stores. For

barcoding to be successful, within-species DNA sequences
need to be more similar to each other than to sequences
of different species. Successful barcoding will facilitate
identification of fishes, linking larvae with adults, forensic
identification of fish fillets and other items in commerce,
and identification of stomach contents. One potential
problem is that using only a mitochondrial marker may fail
to discriminate between species due to introgression of
some maternally inherited characters, as has apparently
happened between two species of western Atlantic Spanish
mackerels, Scomberomorus maculatus and S. regalis
(Banford et al. 1999; Paine et al. 2007).

To test its utility in fishes, Ward et al. (2005) barcoded
207 species of fishes, mostly Australian marine fishes. With
no exceptions, all 207 sequenced species were discrimi-
nated. Similarly, except for one case of introgression, all
17 species of western Atlantic Scombridae were successfully
discriminated with COI (Paine et al. 2007). Successes like
these led to ambitious plans at a 2005 workshop held at
the University of Guelph in Canada to sequence all species
of fishes for the Fish Barcode of Life or FISH-BOL, fostered
by the Consortium for the Barcode of Life and the Census
of Marine Life. This is planned to be part of a grand scheme
to produce a DNA global database for all species on planet
Ocean.

Many textbooks list five classes of vertebrates: Pisces
(28,000 species), Amphibia (4300), Reptilia (6000), Aves
(9000), and Mammalia (4800). But as Nelson (1969)
clearly demonstrated, this five-class system is anthropo-
morphic, with bird and mammal groups overemphasized
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by the mammal doing the classification — that is, us. The
morphological and evolutionary gap between the Agnatha,
the jawless vertebrates (lampreys and hagfishes), and
other groups of fishes is much greater than between the
classes of jawed fishes on the one hand and the tetrapods
on the other hand. Thus fishes (or Pisces) is not a
monophyletic group but a grade used for convenience
for the Agnatha, Chondrichthyes, bony fishes, the fossil
Acanthodii and several primitive, extinct jawless super-
classes (see Chapter 11).

Units of classification

Systematists use a large number of units to show relation-
ships at different levels. Most of these units are not neces-
sary except to the specialist in a particular group. For
example, ray-finned fishes fall into the following units:
kingdom: Animalia; phylum: Chordata (chordates); sub-
phylum: Vertebrata (vertebrates); superclass: Gnathosto-
mata (jawed vertebrates); grade: Teleostomi or Osteichthyes
(bony fishes); and class: Actinopterygii (ray-finned fishes).
Classification of three representative fishes is shown in
Table 2.1.

Note the uniform endings for order (-iformes), suborder
(-oidei), family (-idae), subfamily (-inae), and tribe (-ini).
Also, note that the group name is formed from a stem plus
the ending. This means that if you learn that the Yellow
Perch is Perca flavescens, you can construct much of the
rest of classification by adding the proper endings. Percidae

Classification of Atlantic Herring, Yellow Perch, and Atlantic Mackerel.

Taxonomic

unit Herring Perch Mackerel

Division Teleostei - -

Subdivision Clupeomorpha Euteleostei -

Order Clupeiformes Perciformes -

Suborder Clupeoidei Percoidei Scombroidei

Family Clupeidae Percidae Scombridae

Subfamily Clupeinae Percinae Scombrinae

Tribe Clupeini Percini Scombrini

Genus Clupea Perca Scomber
species harengus flavescens scombrus
subspecies harengus

Author Linnagus Mitchill Linnaeus
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is the family including the perches, Percoidei is the subor-
der of perchlike fishes, and Perciformes is the order con-
taining the perchlike fishes and their relatives.

It is conventional to italicize the generic and specific
names of animals and plants to indicate their origin from
Latin (or latinized Greek or other language). Generic names
are always capitalized, but species names are always in
lowercase (unlike for some plant species names). The names
of higher taxonomic units such as families and orders are
never italicized but are always capitalized because they are
proper nouns. Sometimes it is convenient to convert the
name of a family or order into English (e.g., Percidae into
percid, Scombridae into scombrid), in which case the name
is no longer capitalized. Common names of fishes have not
usually been capitalized in the past but this has recently
changed, recognizing that the names are really proper
nouns (Nelson et al. 2002). Capitalizing common names
avoids the problem of understanding a phrase like “green
sunfish”. Does this mean a sunfish that is green or does it
refer to the Green Sunfish, Lepomis cyanellus?

It is also conventional to list higher taxa down to orders
in phylogenetic sequence, beginning with the most primi-
tive and ending with the most advanced, reflecting the
course of evolution. This procedure has the additional
advantage that closely related species are listed near each
other, facilitating comparisons. As knowledge about the
relationships of organisms increases, changes need to be
made in their classification. An instructive example of jus-
tification for changing the order in classification was pre-
sented by Smith (1988) in a paper entitled “Minnows first,
then trout”. Smith explained that he placed the minnows
and relatives (Cypriniformes) before the trouts and salmons
(Salmoniformes) in his book on the fishes of New York
State to reflect the more primitive or plesiomorphic phylo-
genetic position of the Cypriniformes.

International Code of
Zoological Nomenclature

The International Code of Zoological Nomenclature is a
system of rules designed to foster stability of scientific
names for animals. Rules deal with such topics as the defini-
tion of publication, authorship of new scientific names, and
types of taxa. Much of the code is based on the Principle
of Priority, which states that the first validly described name
for a taxon is the name to be used. Most of the rules deal
with groups at the family level and below. Interpretations
of the code and exceptions to it are controlled by the Inter-
national Commission of Zoological Nomenclature, members
of which are distinguished systematists who specialize in
different taxonomic groups.

Species and subspecies are based on type specimens, the
specimens used by an author in describing new taxa at this
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level. Type specimens should be placed in permanent archi-
val collections (see below) where they can be examined by
future researchers. Primary types include: (i) the holotype,
the single specimen upon which the description of a new
species is based; (ii) the lectotype, a specimen subsequently
selected to be the primary type from a number of syntypes
(a series of specimens upon which the description of a new
species was based before the code was changed to disallow
this practice); (iii) the neotype, a replacement primary
type specimen that is permitted only when there is strong
evidence that the original primary type specimen was
lost or destroyed and when a complex nomenclatorial
problem exists that can only be solved by the selection of
a neotype.

Secondary types include paratypes, additional specimens
used in the description of a new species, and paralecto-
types, the remainder of a series of syntypes when a lecto-
type has been selected from the syntypes. Among the many
other kinds of types, mention should also be made of the
topotype, a specimen taken from the same locality as the
primary type and, therefore, useful in understanding vari-
ation of the population that included the specimen upon
which the description was based, and the allotype, a para-
type of opposite sex to the holotype and useful in cases of
sexual dimorphism.

Taxa above the species level are based on type taxa. For
example, the type species of a genus is not a specimen but
a particular species. Similarly, a family is based on a par-
ticular genus.

Recently, a group of systematists has proposed replacing the
Linnean system with the PhyloCode based explicitly on
phylogeny (Cantino & de Queiroz 2004). They claim that
the PhyloCode is simple and will properly reflect evolution-
ary connections between species, thus promoting stability
and clarity in nomenclature. However, critics say that the
Linnean system does effectively organize and convey infor-
mation about taxonomic categories, and that replacing this
system does not justify redefining millions of species and
higher taxonomic levels (Harris 2005).

Why do the scientific names of fishes sometimes change?
There are four primary reasons that systematists change
names of organisms: (i) “splitting” what was considered to
be a single species into two (or more); (ii) “lumping” two
species that were considered distinct into one; (iii) changes
in classification (e.g., a species is hypothesized to belong in
a different genus); and (iv) an earlier name is discovered
and becomes the valid name by the Principle of Priority.

Frequently, name changes involve more than one of these
reasons, as shown in the following examples.

An example of “splitting” concerns the Spanish Mack-
erel of the western Atlantic (Scomberomorus maculatus),
which was considered to extend from Cape Cod, Massa-
chusetts, south to Brazil. However, populations referred to
this species from Central and South America have 47-49
vertebrae, whereas S. maculatus from the Atlantic and Gulf
of Mexico coasts of North America have 50-53 vertebrae.
This difference, along with other morphometric and ana-
tomical characters, formed the basis for recognizing the
southern populations as a separate species, S. brasiliensis
(Collette et al. 1978).

An example of “lumping” concerns tunas of the genus
Thunnus. Many researchers believed that the species of
tunas occurring off their coasts must be different from
species in other parts of the world. Throughout the years,
10 generic and 37 specific names were applied to the seven
species of Thunnus recognized by Gibbs and Collette
(1967). Fishery workers in Japan and Hawaii recorded
information on their Yellowfin Tuna as Neothunnus mac-
ropterus, those in the western Atlantic as Thunnus albacares,
and those in the eastern Atlantic as Neothunnus albacora.
Large, long-finned individuals, the so-called Allison Tuna,
were known as Thunnus or Neothunnus allisoni. Based on
a lack of morphological differences among the nominal
species, Gibbs and Collette postulated that the Yellowfin
Tuna is a single worldwide species. Gene exchange among
the Yellowfin Tuna populations was subsequently con-
firmed using molecular techniques (Scoles & Graves 1993),
further justifying lumping the different nominal species.
Following the Principle of Priority, the correct name is the
senior synonym, the earliest species name for a Yellowfin
Tuna, which is albacares Bonnaterre 1788. Other, later
names are junior synonyms.

Tunas also illustrate the other two kinds of name
changes. Some researchers placed the bluefin tunas in the
genus Thunnus, the Albacore in Germo, the Bigeye in Par-
athunnus, the Yellowfin Tuna in Neothunnus, and the
Longtail in Kishinoella, almost a genus for each species.
Gibbs and Collette (1967) showed that the differences are
really among species rather than among genera, so all seven
species should be grouped together in one genus. But which
genus? Under the Principle of Priority, Thunnus South
1845 is the senior synonym, and the other, later names
are junior synonyms — Germo Jordan 1888, Parathunnus
Kishinouye 1923, Neothunnus Kishinouye 1923, and
Kishinoella Jordan and Hubbs 1925.

The name of the Rainbow Trout was changed from
Salmo gairdnerii to Oncorbynchus mykiss in 1988 (Smith
& Stearley 1989), affecting many fishery biologists
and experimental biologists as well as ichthyologists (see
Box 14.1). As with the tunas, this change involved a
new generic classification as well as the lumping of species
previously considered distinct.
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Important scientific specimens are generally stored in col-
lections where they serve as vouchers to document identi-
fication in published scientific research. Collections are
similar to libraries in many respects. Specimens are filed in
an orderly and retrievable fashion. Curators care for their
collections and conduct research on certain segments of
them, much as librarians care for their collections. Histori-
cally most collections of fishes have been preserved in for-
malin and then transferred to alcohol for permanent
storage. Now there is increasing attention to adding skele-
tons and cleared and stained specimens to collections to
allow researchers to study osteology. Many major fish col-
lections, such as that at the University of Kansas, also house
tissue collections, some in ethyl alcohol, some frozen at
-2°C. Qualified investigators can borrow material from
collections or libraries for their scholarly study.
Collections may be housed in national museums, state
or city museums, university museums, or private collec-
tions. The eight major fish collections in the United States
(and their acronyms) include the National Museum of
Natural History (USNM), Washington, DC; University
of Michigan Museum of Zoology (UMMZ), Ann Arbor;
California Academy of Sciences (CAS), San Francisco;
American Museum of Natural History (AMNH), New
York; Academy of Natural Sciences (ANSP), Philadelphia;
Museum of Comparative Zoology (MCZ), Harvard
University, Cambridge, Massachusetts; Field Museum of
Natural History (FMNH), Chicago; and Natural History
Museum of Los Angeles County (LACM). These eight
collections contain more than 24.2 million fishes (Poss &
Collette 1995). An additional 118 fish collections in the
United States and Canada hold 63.7 million more speci-
mens; at such locales, emphasis is often on regional rather
than national or international fish faunas. These regional
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collections include the Florida State Museum at the Uni-
versity of Florida (UF), which has grown by the incorpora-
tion of fish collections from the University of Miami and
Florida State University, and the University of Kansas (KU),
which also houses a very important collection of fish tissues,
vital for research in molecular systematics.

The most significant fish collections outside the United
States are located in major cities of nations that played
important roles in the exploration of the world in earlier
times (Berra & Berra 1977; Pietsch & Anderson 1997) or
have developed more recently. These include the Natural
History Museum (formerly British Museum (Natural
History); BMNH), London; Museum National d’Histoire
Naturelle (MNHN), Paris; Naturhistorisches Museum
(NHMV), Vienna; Royal Ontario Museum (ROM),
Toronto; Rijksmuseum van Natuurlijke Historie (RMNH),
Leiden; Zoological Museum, University of Copenhagen
(ZMUC); and the Australian Museum (AMS), Sydney.
Leviton et al. (1985) list most of the major fish collections
of the world and their acronyms.

The use of museum specimens has been primarily by
systematists in the past. This will continue to be an impor-
tant role of collections in the future, but other uses are
becoming increasingly important. Examples include surveys
of parasites (Cressey & Collette 1970) and breeding tuber-
cles (Wiley & Collette 1970); comparison of heavy metal
levels in fish flesh today with material up to 100 years old
(Gibbs et al. 1974); long-term changes in biodiversity at
specific sites (Gunning & Suttkus 1991); and pre- and post-
impoundment surveys that could show the effects of dam
construction. Many major collections are now computer-
ized (Poss & Collette 1995) and more and more data are
becoming accessible as computerized databases, some linked
together and available on the internet. An example is
FISHNET (http://www.fishnet2.net/index.html), a distrib-
uted information system that links together fish specimen
data from more than two dozen institutions worldwide.



Chapter 2 Systematic procedures

Summary

The best classification is the most natural one, that
which best represents the phylogenetic (= evolutionary)
history of an organism and its relatives.

Species are the fundamental unit of classification and
can be defined as a single lineage of ancestor—
descendent populations that maintains its identity from
other such lineages. Species are usually reproductively
isolated from other species.

Taxonomy deals with describing biodiversity (including
naming undescribed species), arranging biodiversity
into a system of classification, and devising
identification keys. Rules of nomenclature govern the
use of taxonomic names. Systematics focuses on
relationships among species or higher taxa.
Cladistics, or phylogenetic systematics, is a widely
used system of classification in which characters are
divided into apomorphies (derived or advanced traits)
and plesiomorphies (primitive or generalized traits).
The goal is to find synapomorphies (shared derived
characters) that define monophyletic groups, or clades
(groups containing an ancestor and all its descendant
taxa).
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Taxonomic characters can be meristic (countable),
morphometric (measurable), morphological (including
color), cytological, behavioral, electrophoretic, or
molecular (nuclear or mitochondrial).

Ray-finned fishes are generally classified as: kingdom:
Animalia; phylum: Chordata (chordates); subphylum:
Vertebrata (vertebrates); superclass: Gnathostomata
(jawed vertebrates); grade: Teleostomi or Osteichthyes
(bony fishes); and class: Actinopterygii (ray-finned
fishes).

The International Code of Zoological Nomenclature
promotes stability of scientific names for animals.
These rules deal with such matters as the definition of
publication, authorship of new scientific names, and
types of taxa.

Species and subspecies are based on type
specimens, and higher taxa on type taxa. Primary
types include the holotype, the single specimen upon
which the description of a new species is based.
Secondary types include paratypes, which are
additional specimens used in the description of a new
species.

Supplementary reading

Avise J. 2004. Molecular markers, natural history, evolution,
2nd edn. Sunderland, MA: Sinauer Associates.

de Carvalho MR, Bockman FA, Amorim DS et al. 2007.
Taxonomic impediment or impediment to taxonomy?
A commentary on systematics and the
cybertaxonomic-automation paradigm. Evol Biol
34:140-143.

Hebert PDN, Cywinska A, Ball SL, de Waard JR. 2003.
Biological identifications through DNA barcodes. Proc
Roy Soc Lond B Biol Sci 270:313-322.

Nelson JS, ed. 1999. The species concept in fish
biology. Rev Fish Biol Fisheries 9:275-382.

Nelson JS, Starnes WC, Warren ML. 2002. A capital case
for common names of species of fishes — a white
crappie or a White Crappie? Fisheries 27(7):31-33.

Cladistics, Willi Hennig Society.
Systematic Biology, Society of Systematic Biologists.

Catalog of Fishes, http://www.calacademy.org/research/

ichthyology/catalog/fishcatsearch.html for names,
spellings, authorships, dates, and other matters.

FishBase, http://fishbase.org/ for photos and information

on fishes.

ITIS (Integrated Taxonomic Information System),

http://www.itis.gov/index.html for authoritative
taxonomic information on fishes (and other animals
and plants).



Figure Il (opposite)

Longhorn Cowfish, Lactoria cornuta (Tetraodontiformes: Ostraciidae),
Papua New Guinea. Slow moving and seemingly awkwardly shaped, the
pattern of flattened, curved, and angular trunk areas made possible by
the rigid dermal covering provides remarkable lift and stability (Chapter
8). Photo by D. Hall, www.seaphotos.com.
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undamental to appreciating the biology of any group of

organisms is knowledge of basic anatomy. We present
here a brief outline of fish anatomy in four sections: osteol-
ogy and the integumentary skeleton (skin and scales) in this
chapter, soft anatomy and the nervous system in the next
chapter. For a comprehensive treatment of fish anatomy,
see Harder (1975); for brief updates on each of the organ
systems, see the relevant chapters in Ostrander (2000). The
skeleton provides much of the framework and support for
the remainder of the body, and the skin and scales form a
transitional boundary that protects the organism from the
surrounding environment. The general osteological descrip-
tion given here and many of the figures are based on
members of a family of advanced perciform fishes, the tunas
(Scombridae). A drawing of the skeleton of a whole Little
Tuna (Euthynnus alletteratus) from Mansueti and Mansueti
(1962) is included for orientation (Fig. 3.1). Comparative
notes on other actinopterygian fishes are added where
needed. For a brief summary of the skeletal system see
Stiassny (2000), and for a dictionary of names used for fish
bones, see Rojo (1991).

The osteology (study of bones) of fishes is more complicated
than in other vertebrates because fish skeletons are made
up of many more bones. For example, humans (sarcoptery-
gian) have 28 skull bones, a primitive reptile (sarcoptery-

gian) has 72, and a fossil chondrostean (actinopterygian)
fish more than 150 skull bones (Harder 1975). The general
evolutionary trend from primitive actinopterygians to more
advanced teleosts and from aquatic sarcopterygians to
tetrapods has been toward fusion and reduction in number
of bony elements (see Chapter 11, Trends during teleostean
phylogeny).

Why do we need to know about the osteology of fishes?
First of all, we cannot really understand such processes as
feeding, respiration, and swimming without knowing which
jaw bones, branchial bones, and fin supports are involved.
Knowledge of the skeleton is necessary to understand the
relationships of fishes and much of classification is based
on osteology. Identification of bones is also important in
paleontology, in identifying food of predatory fishes, and
in zooarcheology for learning about human food habits
from kitchen midden material.

If learning about fish bones is important, how does one
go about studying them? Large fishes can be fleshed out and
then either cleaned by repeated dipping in hot water or by
putting the fleshed out skeleton in a colony of dermestid
beetles that eat the flesh and leave the bones (Rojo 1991).
Bemis et al. (2004) have recently described a method that
requires fairly complete dissection of the specimen and
alcohol dehydration to dry it out. Study of the osteology
of small fishes and juveniles of large species was difficult
until the development of techniques of clearing and stain-
ing. This technique, using the enzyme trypsin, makes the
flesh transparent. Then the bones are stained with alizarin
red S and the cartilages with Alcian blue (Potthoff 1984;
Taylor & van Dyke 1985).

The skull, or cranium (Fig. 3.2), is the part of the axial
endoskeleton that encloses and protects the brain and most
of the sense organs. It is a complex structure derived from
several sources. Homologies of some fish skull bones are
still debated (e.g., the origin and composition of the vomer
in the roof of the mouth). The skull has two major com-
ponents: the neurocranium and the branchiocranium. The
neurocranium is composed of the chondrocranium and the
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Supraoccipital crest
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Lachrymal
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Glossoy

Dentary
Angular Metapterygoid
Maxilla Symplectic
. Retroarticular
Supramaxilla
: Quadrate
Ectopterygoid
dermatocranium. The chondrocranium derives from the

embryonic cartilaginous braincase. Its bones ossify (harden)
during ontogeny as cartilage is replaced by bone. Cartilage
replacement (or endochondral) bones and dermal bones
have similar histological structure but differ in that cartilage
bones are preformed in cartilage before they ossify. Some
bones, however, are of complex origin coming from both
sources. The dermatocranium consists of dermal bones. It
is believed that the bones of the dermatocranium evolved
from scales that became attached to the chondrocranium.

The branchiocranium, or visceral cranium, consists of a
series of endoskeletal arches that formed as gill arch sup-
ports. The branchiocranium is also known as the splanch-
nocranium because it is derived from splanchnic mesoderm.
The circumorbital, opercular, and branchiostegal bones
overlie the branchiocranium, which abuts the neurocra-
nium and pectoral girdle.

Skulls differ among the basic groups of fishes. Hagfishes
and lampreys (“agnathans”) lack true biting jaws. Toothlike
structures are present, but these are horny rasps, not true
teeth (see Chapter 13, Jawless fishes). The round mouth
has some internal cartilaginous support, hence the alterna-
tive name Cyclostomata. It was once thought that lamprey
jaws had been lost in association with parasitism. However,
the probable fossil ancestors of the lampreys, the primitive
cephalaspidomorphs (see Chapter 11), also lacked jaws, so
lack of jaws is now thought to be a primitive character. The
neurocranium of chondrichthyan sharks and rays is a single
cartilaginous structure, the jaws and branchial arches con-
sisting of a series of cartilages.

Hyomandibula

Figure 3.2

Lateral view of the skull of the Dogtooth Tuna (Gymnosarda
unicolor). From Collette and Chao (1975).

Opercle

Preopercle

Subopercle

Interopercle

Neurocranium

The chondrocranium of bony fishes is derived from carti-
laginous capsules that formed around the sense organs. To
clarify spatial relationships among the large number of
bones in the skull, it helps to divide the skull into four
regions associated with major centers of ossification. From
anterior to posterior, these regions are the ethmoid, orbital,
otic, and basicranial. For each region, the cartilage bones
will be discussed first, followed by the dermal bones, which
tend to roof over, and often fuse with the underlying car-
tilage bones. Consult Harder (1975, pl. 1A-C) for a three-
part plate of overlays that greatly helps visualize how the
teleost skull bones fit together.

Ethmoid region

The ethmoid region remains variably cartilaginous even in
adults of most teleosts (see Table 1.1) but there are also
dermal elements fused to some of these bones. Two main
sets of cartilage bones form the ethmoid region. Paired
lateral ethmoids (or parethmoids) form the posterolateral
wall of the ethmoid region and the anterior wall of the orbit
(Figs 3.3-3.5). The median chondral ethmoid (or supraeth-
moid) is the most anterodorsal skull bone. It often has a
dermal element fused to it, in which case it is usually
termed the mesethmoid. There are also two sets of dermal
bones in this region. The median often dentigerous (tooth-
bearing) vomer, which may be absent in a few teleosts, lies
ventral to the mesethmoid, whereas the paired dermal
nasals are lateral to the ethmoid region, associated with the
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Figure 3.3

Lateral view of the neurocranium of the Dogtooth Tuna
(Gymnosarda unicolor). From Collete and Chao (1975).

Ethmoid

Vomer

Partll Form, function, and ontogeny

Sphenotic

Parietal

Pterotic

Pterosphenoid Supraoccipital crest

Frontal

Intercalar

Exoccipital

First vertebra

Lateral ethmoid Basioccipital
Basisphenoid
Prootic
Parasphenoid
. Sphenotic
Figure 3.4
Dorsal view of the neurocranium of the Dogtooth Tuna Parietal Pterotic
(Gymnosarda unicolor). From Collete and Chao (1975).
Frontal
Ethmoid

Vomer

Lateral ethmoid

olfactory nasal capsule. The vomer is usually considered,
phylogenetically, to be compound (chondral median ventral
ethmoid + dermal vomer).

Orbital region

The region that surrounds the orbit is composed of three
sets of cartilage bones and two sets of dermal bones.
Cartilage bone components include paired pterosphenoids
(alisphenoids in earlier literature), which meet along the
ventral median line of the skull. The median basisphenoid
extends from the pterosphenoids down to the parasphe-
noid and may divide the orbit into left and right halves.

Intercalar

Exoccipital

First vertebra

Epiotic
Pineal foramen

Supraoccipital

Sclerotic cartilages or bones protect and support the eyeball
itself. Two sets of dermal bones are the paired frontals,
which cover most of the dorsal surface of the cranium, and
the circumorbitals. The circumorbitals form a ring around
the eye in primitive bony fishes. However, this ring is
reduced to a chain of small infraorbital bones under and
behind the eye in advanced bony fishes. Advanced teleosts
usually have infraorbital 1; the lachrymal, or preorbital;
10,, or jugal; 103, or true suborbital, which may bear a
suborbital shelf that supports the eye; and the dermosphe-
notic bones, or postorbitals, which bear the infraorbital or
suborbital lateral line canal (Fig. 3.6). Many primitive tel-
eosts also have an antorbital and a supraorbital.
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Sphenotic

Pterosphenoid

Frontal Pterotic
Lateral ethmoid

Vomer

Ethmoid

Frontal

Basisphenoid

Dermosphenotic

/ Anterior process

10, (lachrymal)

Otic region

Five cartilage bones enclose each bilateral otic (ear) chamber
inside the skull (see Figs 3.3-3.5). Paired sphenotics form
the most posterior dorsolateral part of the orbit roof. Paired
pterotics form the posterior outer corners of the neurocra-
nium and enclose the horizontal semicircular canal. Paired
prootics form the floor of the neurocranium and enclose
the utriculus of the inner ear. Paired epiotics, more recently
called epioccipitals, lie posterior to the parietals and lateral
to the supraoccipital and contain the posterior vertical
semicircular canal. The median process of the posttempo-
ral, by which the pectoral girdle is attached to the posterior
region of the skull, attaches to the epiotics. The epiotics
enclose part of the posterior semicircular canal. Paired
intercalars (or opisthotics) fit between the pterotics and

Exoccipital

First vertebra

Figure 3.5

Ventral view of the neurocranium of the Dogtooth Tuna
(Gymnosarda unicolor). From Collete and Chao (1975).

Intercalar

Basioccipital

Figure 3.6

Left infraorbital bones in lateral view of the Spanish Mackerel
(Scomberomorus maculatus). From Collete and Russo
(1985b).

Cheek scales

exoccipitals and articulate with the lateral process of the
posttemporal. There is only one pair of entirely dermal
bones in the otic region, the paired parietals, which roof
part of the otic region and articulate with the frontals
anteriorly, the supraoccipital medially, and the epiotics
posteriorly.

Basicranial region

Three sets of cartilage bones, one pair plus two median
bones, form the cranial base. Paired lateral exoccipitals
form the sides of the foramen magnum (Fig. 3.7), which is
the passageway for the spinal cord. The median basioccipi-
tal is the most posteroventral neurocranium bone and
articulates with the first vertebra. The dorsal median
supraoccipital bone usually bears a posteriorly directed
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Figure 3.7

Rear view of the skull of a bonito (Sarda chiliensis). The
crosses indicate points of attachment of epineural bones.
From Collete and Chao (1975).

Pterotic

Basioccipital

supraoccipital crest that varies among teleosts from a slight
ridge to a prominent crest. The only dermal bone in the
basicranial region is the median parasphenoid, a long cross-
shaped bone that articulates with the vomer anteriorly and
forms the posteroventral base of the skull.

The branchiocranium is divisible into five parts: the man-
dibular, palatine, hyoid, opercular, and branchial.

Mandibular arch

The mandibular arch forms the upper jaw and is known as
the palatoquadrate cartilage in Chondrichthyes. It is com-
posed entirely of dermal bones in bony fishes. The man-
dibular arch may have three sets of bones. The dentigerous
(tooth-bearing) premaxillae are the anteriormost elements.
The macxillae are dentigerous in some soft-rayed fishes, but
the maxilla is excluded from the gape in more advanced
spiny-rayed fishes. The third bone that may be present is
the supramaxilla. It is a small bone on the posterodorsal
margin of the maxilla. Some teleosts, like the herringlike
fishes (Clupeoidei), have multiple supramaxillae.

The lower jaw consists of Meckel’s cartilage in Chon-
drichthyes. In bony fishes, the dermal, dentigerous dentary
bone (Fig. 3.8) covers Meckel’s cartilage, which is reduced
to a thin rod extending posteriorly along the inner face of
the dentary to the angular. A dorsoposterior ossification of
Meckel’s cartilage forms an articular. The angular (some-
times called articular) is a large, posterior dermal bone that
fits into the V of the dentary. A ventroposterior dermal
ossification forms the retroarticular (sometimes called
angular), a small bone attached to the posteroventral corner
of the angular. In most teleosts the angular fuses with one
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Supraoccipital crest Epiotic
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Frontal

Intercalar

Prootic

Lateral ethmoid

Parasphenoid

or both articulars. Two additional ossifications associated
with Meckel’s cartilage are usually also present, a small
nublike sesamoid ossification (the coronomeckelian) and a
mentomeckelian at the distal tip which becomes incorpo-
rated (often early in ontogeny) with the dentary. The lower
jaw forms a single functional unit in most bony fishes, but
in the Kissing Gourami (Helostoma temmincki), African
characins of the genus Distochodus, and some parrotfishes
of the genus Scarus there is a mobile joint between the
dentary and the angular (Liem 1967; Vari 1979; Bellwood
1994).

Teeth

The oral jaws and many pharyngeal bones may bear teeth.
Many different terms have been applied to the different
sizes and shapes of teeth (see also Chapter 8, Dentition).
Although the different kinds form a continuum, they can
be divided into several types:

Canine: large conical teeth frequently located at the
corners of the mouth; for example, snappers
(Lutjanus).

Villiform: small, fine teeth.

Molariform: pavementlike crushing teeth, as in
cownose rays (Rhinopterinae) in which they form
plates, or as individual molars in fishes such as the

wolffishes (Anarhichadidae).

Cardiform: fine, pointed teeth arranged as in a wool
card; for example, the pharyngeal teeth in pickerels
(Esox).

Incisor: large teeth with flattened cutting surfaces
adapted for feeding on mollusks and crustaceans; for
example, chimaeras (Holocephali).
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Ectopterygoid Hyomandibula

Mesopterygoid

Palatine

Metapterygoid

Subopercle

Figure 3.8

Lateral bones of face and lower jaw suspension of a generalized
characin (Brycon meeki). From Weitzman (1962).
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Teeth fused into beaks for scraping algae off corals, as
in parrotfishes (Scaridae) and Pacific knifejaws
(Oplegnathidae), or for biting crustaceans or
echinoderms, as in blowfishes (Tetraodontiformes).

Flattened triangular cutting teeth, as in sharks and
piranhas. Sharp, cutting teeth are uncommon in bony
fishes with the exception of some characins
(Characoidei) such as Myleus that feed on plants and
Serrasalmus, a genus of the infamous carnivorous
piranhas.

Pharyngeal teeth: many teleosts have well-developed
pharyngeal teeth including fishes like cichlids and
parrotfishes, which also have well-developed teeth in
their jaws, and minnows and suckers (Cypriniformes),
which lack teeth in their jaws.

Palatine and hyoid arches

The palatine arch consists of four pairs of bones in the roof
of the mouth (see Fig. 3.8). The palatines are cartilage
bones that are frequently dentigerous. They have been
called “plowshare” bones because of their characteristic
shape. The dermal ectopterygoids are narrow bones, some-
times T-shaped, sometimes dentigerous. The dermal
entopterygoids (or mesopterygoids) are thin bones that
roof the mouth. The metapterygoids are cartilage bones,
quadrangular-shaped and articulating with the quadrate
and hyomandibula.

The suspensorium consists of a chain of primarily carti-
lage bones that attach the lower jaw and opercular appara-
tus to the skull (see Fig. 3.8). The hyomandibula is an
inverted L-shaped bone that connects the lower jaw and
opercular bones to the neurocranium. The symplectic is a

small bone that fits into the groove of the quadrate. The
quadrate is a triangular bone with a groove for the sym-
plectic; it has an articulating facet to which the lower jaw
is attached (Box 3.1).

The hyoid complex is a series of five pairs of bones (Fig.
3.10) that lie medial to the lower jaw and opercular bones
and lateral to the branchiostegal rays that attach to them.
The anteriormost bones are the dorsal and ventral hypohy-
als (or basihyals). They are followed by the anterior cera-
tohyal, a long flat bone that interdigitates with the posterior
ceratohyal posteriorly and to which some of the branchi-
ostegal rays attach. The posterior ceratohyal (or epihyal) is
a triangular bone to which some of the branchiostegal rays
attach. The interhyal is a small, rod-shaped bone that
attaches the hyoid complex to the suspensorium. The glos-
sohyal is an unpaired flattened bone that lies over the
anterior basibranchial and supports the tongue.

The dermal bones of the hyoid arch are the branchioste-
gal rays, elongate, flattened, riblike structures (Fig. 3.10)
that attach to the ceratohyal and epihyal. They are impor-
tant in respiration, particularly in bottom-dwelling species.
Their number and arrangement are useful in tracing phyl-
ogenies (see McAllister 1968). The median urohyal is a
flattened, elongate, unpaired bone that lies inside the rami
(branches) of the lower jaw. The urohyal is an ossification
of a median tendon in the sternohyoideus muscle, and is a
sesamoid ossification (not a dermal bone) and synapomor-
phy of teleosts.

Opercular and branchial series

The opercular apparatus consists of four pairs of wide,
flat dermal bones that form the gill covers, protect the
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Box 3.1

Much interest and controversy has arisen over which of the
gill arches of the agnathan ancestors gave rise to the gna-
thostome jaws. Zoologists are not certain whether the jaw-
forming arch was the first in the series, or whether it was
posterior to a premandibular arch that has been lost (Walker
& Liem 1994). Classically, four principal types of jaw attach-
ment have been recognized (Fig. 3.9).

Amphistylic suspension is found in primitive sharks.
The upper jaw is attached to the cranium by ligaments
at the orbital and otic processes of the palatoquadrate.
The hyoid arch is attached to the chondrocranium and
lower jaw and is involved in suspension of both jaws.
Hyostylic suspension is found in most
chondrichthyans and all actinopterygians (but Maisey
(1980) found no dividing line between amphistyly and
hyostyly in living sharks). The otic contact of the
palatoquadrate has been lost, so that both jaws are
suspended from the chondrocranium by way of
ligamentous attachments to the hyomandibula, which
is attached to the otic region of the neurocranium.

Partll Form, function, and ontogeny

Methyostylic suspension is a variety of hyostyly
present in Actinopterygii. Remnants of the second gill
arch (palatine and pterygoid bones) connect in the
roof of the mouth. Dermal bones, the premaxilla and
maxilla, form a new upper jaw. A new dermal anterior
lower jaw element, the dentary, is connected with the
angular, which is suspended from the otic capsule by
hyoid derivatives.

Autostylic suspension is present in lungfishes and
tetrapods. The processes of the palatoquadrate
articulate with or fuse to the chondrocranium. The
hyoid arch is no longer involved with jaw suspension.
The hyomandibula becomes the columella of the inner
ear in tetrapods.

Holostylic suspension is a variety of autostyly found
only in the Holocephali, (chimaeras). The
palatoquadrate is fused to the chondrocranium and
supports the lower jaw in the quadrate region. The
name Holocephali means “whole head”, in reference
to the upper jaw being a part of the cranium.

i Ligament suspension—|

Hyomandilbular

Figure 3.9

Major types of jaw suspension in fishes.
From Walker and Liem (1994).
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underlying gill arches, and are involved in respiration and
feeding. The opercle is usually more or less rectangular and
is usually the largest and heaviest of the opercular bones
(see Figs 3.2, 3.8). It has an anterior articulation facet con-
necting with the hyomandibula. The subopercle is the
innermost and most posterior element. The preopercle is
the anteriormost element. It overlies parts of the other
three opercular bones. The interopercle is the most ventral
bone.

The branchial complex consists of four pairs of gill
arches, gill rakers, pharyngeal tooth patches, and support-
ing bones (Fig. 3.11). All elements of the gill arch are
cartilage bones but may have toothed dermal elements
incorporated. Three basibranchials form a chain from
anterior to posterior. The first basibranchial is partially
covered by the median glossohyal; the second and third
serve as attachments for the hypobranchials and cerato-
branchials. Three pairs of hypobranchials connect the basi-
branchials with the first three ceratobranchials, the fourth
is cartilaginous. Ceratobranchials are the longest bones in

Ceratohyal

Epihyal

Hypohyals Branchiostegal rays

Figure 3.10

Left hyoid complex in lateral view of a Spanish mackerel
(Scomberomorus commerson). From Collete and Russo (1985b).
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the branchial arch and support most of the gill filaments
and gill rakers. The fourth ceratobranchial is more irregular
than the first three. The fifth is usually expanded, bears a
tooth plate, and is sometimes called the lower pharyngeal
bone. Four pairs of epibranchials attach basally to the
ceratobranchials. They vary from being long and slender
(like a short ceratobranchial) to short and stubby. Four
pairs of pharyngobranchials attach to the epibranchials.
The first is suspensory and attaches to the braincase. The
other three may have dermal tooth patches attached to
them and are then termed upper pharyngeal bones. For a
detailed account of the gill arches and their use in tracing
fish phylogeny, see Nelson (1969).

For a general reference to the osteology of the skull of
many species, consult Gregory (1933); for a more complete
treatment of ostariophysan fishes, Harrington (1955) and
Weitzman (1962) are excellent sources. A complete review
of the braincase of actinopterygian fishes and their fossil
ancestors, pholidophorids and leptolepids, was presented
by Patterson (1975).

Postcranial skeleton

The notochord is primitively a supporting structure in
chordates. It is a simple, longitudinal rod composed of a
group of cells that, when viewed in cross-section, appear
to be arranged as concentric circles. The most primitive
chordate to possess a notochord is the “tadpole” larva of
tunicates. The notochord provides support for an elongate
body while swimming. Notochordal cells inside the noto-
chord are few in number and contain large vacuoles. Turgor
of the notochordal cells provides rigidity. The notochord
is found during embryonic development in all chordates,
but intervertebral disks are all that remain of the notochord

Figure 3.11

Branchial arch of a Spanish mackerel (Scomberomorus
semifasciatus). Dorsal view of the gill arches with the dorsal region
folded back to show their ventral aspect. The epidermis is removed
from the right-hand side to reveal the underlying bones. From
Collete and Russo (1985b).
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in most adults. However, it is present in adult lancelets,
Chondrichthyes, Dipnoi, sturgeons (Acipenseridae), pad-
dlefishes (Polyodontidae), and coelacanths. A 1 m long
sturgeon may have a notochord nearly as long and about
12 mm in diameter.

Vertebral column

Vertebrae arise and form around the notochord where
muscular myosepta intersect with dorsal, ventral, and hori-
zontal septa. Vertebrae form from cartilaginous blocks
called arcualia. Typically, there is one vertebra per body
segment, the monospondylous condition. The basidorsal,
interdorsal, basiventral, and interventral arcualia all fuse
together to form a single vertebra. In the diplospondylous
condition, the basidorsal fuses to the basiventral and the
interdorsal fuses to the interventral, producing two verte-
brae per body segment. Diplospondyly is present in the tail
region of sharks and rays, in lungfishes, and in the caudal
vertebrae of the Bowfin (Amia). Diplospondyly is thought
to increase body flexibility.

Vertebrae are usually divided into precaudal (anterior
vertebrae extending posteriorly to the end of the body
cavity and bearing ribs) and caudal vertebrae (posterior
vertebrae beginning with the first vertebra bearing an elon-
gate haemal spine surrounding a closed haemal canal
through which the caudal artery enters) (Fig. 3.12).

Vertebrae may have various bony elements projecting
from them. Dorsally, there is an elongate neural spine
housing a neural arch through which the spinal cord passes
(Fig. 3.13A). Ventrally, there may be parapophyses that
extend ventrolaterally and to which the ribs usually attach.
The main artery of the body, the dorsal aorta, passes ventral
to the precaudal vertebrae and enters the closed haemal
canal (Fig. 3.13B) toward the end of the abdominal cavity,
at which point it is referred to as the caudal artery. Other
projections include neural prezygapophyses and postzyga-
pophyses on the dorsolateral margins of the vertebrae and
haemal prezygapophyses and postzygapophyses on the
ventrolateral margins (Fig. 3.13D).

Figure 3.13

Representative precaudal and caudal
vertebrae of a generalized characin (Brycon
meeki). (A) Anterior view of the 20th
precaudal vertebra. (B) Anterior view of the
24th precaudal vertebra. (C) Anterior view of
the second caudal vertebra. (D) Lateral view
of the 20th precaudal through second caudal
vertebrae. From Weitzman (1962).

Neural spine

Neural arch

Parapophysis

Prezygapophysis <4 R

Partll Form, function, and ontogeny

Ribs and intermuscular bones

Pleural ribs form in the peritoneal membrane and attach to
the vertebrae, usually from the third vertebra to the last
precaudal vertebra. They are distinct from intermuscular
bones and serve to protect the viscera. Terminology used
for these bones, and for ribs, was confused until Patterson
and Johnson (1995) clarified the situation. Patterson and
Johnson recognized three series of intermuscular bones:
epineurals, epicentrals, and epipleurals. Primitively, ossified
epineurals may be fused with the neural arches. Some are
autogenous (unfused) and may develop an anteroventral
branch as in characins (see Fig. 3.13D). Epineurals usually
start on the first vertebra (sometimes on the back of the
skull; see Fig. 3.7) and continue along the vertebrae well
posterior to the ribs. Epicentrals lie in the horizontal septum
and are primitively ligamentous. Epipleurals start medially
and move anteriorly and posteriorly. They lie below
the horizontal septum and are posteroventrally directed.
Epicentrals and epipleurals have been lost in many advanced

Figure 3.12

Junction of precaudal and caudal vertebrae in a left lateral view of the
King Mackerel (Scomberomorus cavalla). The middle vertebra, with an
elongate haemal spine, is the first caudal vertebra. Vertebrae numbered
from the anterior. From Collete and Russo (1985b).
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teleosts, leaving a series of short, straight epineurals lateral
to the vertebral column and dorsal to the ribs. For these
reasons, fillets taken from advanced teleosts such as perch
and tuna contain fewer small bones then those from more
primitive teleosts such as trout and herring.

Caudal complex

The tail of a fish is a complex of vertebral centra, vertebral
accessories, and fin rays that have been modified during
evolution to propel the fish forward in a linear fashion.
The functional morphology of the fish tail and the history
of its progressive change are discussed in Chapters 8
(Locomotory types) and 11 (Division Teleostei). The tele-
ostean caudal skeleton was largely neglected as a source of
systematic characters until Monod (1968) surveyed the
caudal skeleton of a broad range of teleosts and established
a coherent and homogeneous terminology. Schultze and
Arratia (1989) further showed the value of the caudal skel-
eton in the classification of teleosts. In primitive teleosts, a
number of hypurals (enlarged haemal spines) support most
of the branched principal caudal fin rays that form the
caudal fin (Fig. 3.14). Epurals (modified neural spines) and
the last haemal spine support the small spinelike procurrent
caudal fin rays. In many advanced teleosts, the number of
hypurals has been reduced to five. In some groups, such as
atherinomorphs, sticklebacks, sculpins, the Louvar, tunas
and mackerels, and flatfishes, the posterior vertebrae have
been shortened and some of the hypurals fuse to form a
hypural plate. In scombrids, hypurals 3 and 4 are united
into the upper part of the plate and hypurals 1 and 2 into
the lower part (Fig. 3.15).

Caudal fin types

Caudal fins of fishes vary in both external shape and inter-
nal anatomy. The different types of caudal fins provide
useful information about modes of swimming as well as
about phylogeny. There are three basic types of fish tails,
with an additional three types recognized for special groups
of fishes.

The protocercal tail is the primitive undifferentiated
caudal fin that extends around the posterior end in adult
lancelets, agnathans, and larvae of more advanced fishes.

In the heterocercal, or unequal-lobed, tail, the vertebral
column extends out into the upper lobe of the tail. This
type of tail is found in Chondrichthyes and primitive bony
fishes such as sturgeons (Acipenseridae) and is still recogniz-
able in gars (Lepisosteidae). Amia, the Bowfin, has what has
been termed a hemihomocercal tail (Harder 1975), inter-
mediate between heterocercal and homocercal, with exter-
nal but not internal symmetry.

Most advanced bony fishes have a homocercal, or equal-
lobed, tail (see Figs. 3.14, 3.15). In this type of tail, the
caudal fin rays are arranged symmetrically and attach to a

series of hypural bones posterior to the last vertebra that
supports the caudal fin rays. These plates are ventral to the
upward-directed urostyle, so this type of tail could be con-
sidered to be an abbreviated heterocercal tail.

The leptocercal (or diphycercal) tail resembles the pro-
tocercal in having the dorsal and anal rays joined with the
caudal around the posterior part of the fish, but this is
considered to have been secondarily derived, not primitive.
This type of tail is found convergently in lungfishes (Dipnoi),
coelacanths, rattails (Macrouridae), and many eel-like
fishes.

The last vertebra of the isocercal tail, not the original
urostyle, has been secondarily modified into a small
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Figure 3.14

Posterior vertebrae and caudal complex of a generalized characin
(Brycon meeki). From Weitzman (1962).
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Figure 3.15

Caudal complex in left lateral view of a Spanish mackerel
(Scomberomorus semifasciatus). From Collete and Russo (1985b).
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flattened plate to which the caudal fin rays attach in the
cods (Gadidae).

Ocean sunfishes (Molidae) have lost the posterior end
of the vertebral column, including the hypural plate, i.e.,
they lack a true tail. A deep, abbreviated, caudal-fin-like
structure extends between the dorsal and anal fins and has
been termed a clavus forming a gephyrocercal (or bridge)
tail. There are two hypotheses for the origin of this struc-
ture: (i) it is a highly modified caudal fin; or (ii) it is formed
by highly modified elements of the dorsal and anal fins. By
studying the ontogeny of the vertebral column and fins,
Johnson and Britz (2005) have shown that the caudal fin is
lost in molids and the clavus is formed by modified elements
of the dorsal and anal fins. Because of this highly derived
condition and other specialized osteological features, molids
are considered to be the most advanced teleosts.

Appendicular skeleton

Pectoral and pelvic girdles are primitively absent in the
hagfishes and lampreys. Sharks have a coracoscapular car-
tilage that hangs more or less freely inside the body wall
and has no attachment to the vertebral column. In rays, the
pectoral girdle is attached to the fused anterior section of
the vertebral column (synarchial condition) and also, by
way of the propterygium of the pectoral girdle and antor-
bital cartilage, to the nasal capsules of the skull.

Pectoral girdle

Unlike the condition in tetrapods, the pectoral girdle in
bony fishes usually has no attachment to the vertebral
column and instead attaches to the back of the skull via the
posttemporal bone. Rather than dividing bones into carti-
lage and dermal, as done for the skull, it seems more practi-
cal to present the bones in sequence from the skull to the
girdle bones themselves.

Three dermal bones are involved in the suspension of
the pectoral girdle from the skull. The posttemporal usually
has two anterior projections that attach to the epioccipital
and intercalar bones on the back of the skull. The extras-
capular (or supratemporal) is a thin tubular bone, some-
times two bones, that carry part of the lateral line canal
onto the body. They usually lie right under the skin dorsal
to the posttemporal (Fig. 3.16). The supracleithrum is a
heavy bone that lies between the posttemporal and the
pectoral girdle.

The pectoral girdle is composed of two cartilage and one
dermal bone in acanthopterygians. The dermal cleithrum is
the largest, dorsalmost, and anteriormost element of the
pectoral girdle. The scapula is a small bone, usually with a
round scapular foramen, lying between the cleithrum and
the radials. The coracoid is a long, thin bone that makes
up the posterior part of the pectoral girdle and may support
some of the pectoral fin radials. An additional element is
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Figure 3.16

Left pectoral girdle of a generalized characin (Brycon meeki). From
Weitzman (1962).

found between the coracoid and cleithrum in many soft-
rayed teleosts, the mesocoracoid. This bone is lost in
spiny-rayed fishes as the pectoral fin moves up and assumes
a vertical instead of oblique position.

The actinosts plus tiny distal radials are hourglass-
shaped cartilage bones that connect to the pectoral fin rays.
There are typically four in teleosts, attached to the coracoid
and scapula.

Posterior and internal to the pectoral girdle are the
dermal postcleithra. Soft-rayed teleosts typically have three;
two are elongate and scalelike, and one is rodlike. Spiny-
rayed teleosts typically have two, one scalelike, the other
more riblike.

Pelvic girdle

The pelvic girdle, like the pectoral girdle, is usually not
attached to the vertebral column in fishes as it is in tetrap-
ods. In sharks, the pelvic girdle consists of the ischiopubic
cartilages that float freely in the muscles of the posterior
region of the body. In primitive bony fishes, there are paired
pelvic bones, basipterygia, and radials to which the pelvic
fin rays attach. In advanced bony fishes, both the pelvic
bone itself and the radials are lost or fused so that the fin
rays attach directly to the single remaining element, the
basipterygium.

Postcleithrum 2

Fin rays
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In soft-rayed teleosts, the pelvic fins are abdominal in
position, ventrally located, slightly anterior to the anal fin.
The pelvic fins move forward to a thoracic position, directly
below the pectoral fins, in spiny-rayed fishes. In some fishes
(i.e., ophidiiform cusk-eels and gadiform cods), the pelvic
fins lie anterior to the pectoral fins, a condition known as
jugular pelvic fins. Jugular pelvic girdles may have attach-
ments to the pectoral girdle.

Pelvic fin rays are frequently lost, and in some cases, such
as eels (Anguilliformes), the neotenic South American
needlefish Belonion apodion, and puffers, the pelvic girdle
has also been lost.

Median fins

The median or unpaired fins consist of the dorsal, anal, and
adipose fins along the dorsal and ventral profiles of the fish.
In jawless fishes, cartilaginous rods support the median fins.
In Chondrichthyes, the median fins are supported by cera-
totrichia, horny fin rays composed of elastin and supported
by dermal cells. Below the ceratotrichia are three layers of
radials — rodlike cartilages that support the fin rays and
extend inward toward the vertebral column. If a spine is
present at the anterior end of a median fin in a chondrich-
thyan such as the Spiny Dogfish (Squalus acanthias), it is
not a true spine such as is found in spiny-rayed fishes (Acan-
thopterygii) but is rather a fusion of radials.

In bony fishes, the ceratotrichia are replaced during
ontogeny by lepidotrichia, bony supporting elements that
are derived from scales. Ceratotrichia are present in lung-
fishes and larval actinopterygians. Primitive actinoptery-
gians such as the Bowfin (Amia) still have three radials
supporting each median fin ray, but these are reduced to two
and then one in advanced teleosts. The remaining element
is then known as an interneural bone if it is under the dorsal
fins or interhaemal bone if it is above the anal fin.

Primitive soft-rayed teleosts have a single dorsal fin that
is composed entirely of soft rays. Advanced teleosts usually
have two dorsal fins, with the anterior one (first dorsal fin)
composed of spines and the posterior one (second dorsal
fin) composed largely of soft rays, although there may be
one spine at the anterior margin of the fin. Some soft-rayed
fishes such as the Carp, the Goldfish, and catfishes may have
a single spine at the anterior end of the dorsal fin, but this
is a bundle of fused rays, not a true spine.

True spines differ from soft rays in several characters:

Spines Soft rays

usually hard and pointed usually soft and not pointed
unsegmented segmented

unbranched usually branched

solid bilateral, with left and right

halves

Some fast-swimming fishes such as the mackerels and
tunas may have a series of dorsal finlets, small fins with one
soft ray each, following the second dorsal fin.

Several groups of soft-rayed fishes have an additional fin
posterior to the dorsal fin, the adipose fin, which varies
greatly in size among different fishes. “Adipose” is a poor
term for this fin because it is rarely fatty. The adipose fin
usually lacks lepidotrichia and is supported only by cera-
totrichia, although some catfishes have secondarily devel-
oped a spine, composed of fused rays, at its anterior margin.
The function or functions of adipose fins remain something
of a mystery, but their presence is useful in identifying
members of five groups that usually have them: characins
(Characiformes), catfishes (Siluriformes), trouts and salmons
(Salmoniformes), lanternfishes and relatives (Myctophi-
formes), and trout-perches (Percopsidae).

The original function of the dorsal fin was as a stabi-
lizer during swimming, but it has been modified in many
different ways. It has been reduced or lost in rays (Batoi-
dei) and South American knifefishes (Gymnotiformes). The
dorsal and anal fins become confluent, joined with the
caudal fin, around the posterior part of the body in many
eels (Anguilliformes). The individual spines in the first
dorsal fin have become shortened in fishes such as the
Bluefish (Pomatomus saltatrix) and the Cobia (Rachy-
centron canadum). The first dorsal fin has been converted
into a suction disk in the remoras (Echeneidae). The mem-
branes between the spines have lost their attachment to
each other in the bichirs (Polypteridae) and sticklebacks
(Gasterosteidae). Venom glands have become associated
with dorsal fin spines, and other spines, in fishes such as
the stonefish (Synanceia), the weeverfishes (Trachinidae),
and venomous toadfishes (Thalassophryninae). The spiny
dorsal fin has been converted into a locking mechanism in
the triggerfishes (Balistidae). It is depressible into a groove
during fast swimming in the tunas (Scombridae). Perhaps
the most extreme modification of a dorsal fin is the con-
version of the first dorsal spine into an ilicium, or fishing
rod, with an esca, or bait, at its tip in the anglerfishes
(Lophiiformes).

The anal fin usually lies just posterior to the anus. In
soft-rayed fishes, it is composed entirely of soft rays, as is
the single dorsal fin of these fishes. In spiny-rayed fishes,
the anal fin usually contains one or several anterior spines,
followed by soft rays. Fast-swimming fishes that have dorsal
finlets usually also have anal finlets, small individual fins
following the anal fin.

The anal fin shows the least variation among fishes.
It has been lost in the ribbonfishes (Trachipteridae). It
is very long and serves as the primary locomotory fin
in South American knifefishes (Gymnotiformes) and
Afro-Asian featherfins (Notopteridae). The anterior part
of the anal fin has been modified into a gonopodium
for spermatophore transfer in male livebearers (Poeci-
liidae). It is also variously modified into what has been
called an andropodium in males of Zenarchopterus and
several related internally fertilizing genera of halfbeaks
(Zenarchopteridae).
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The integument is composed of the skin and skin deriva-
tives, and includes scales in fishes and feathers and hair in
birds and mammals. The integument forms an external
protective structure parallel to the internal endoskeleton
and serves as the boundary between the fish and the exter-
nal environment. The structure of the skin in fishes is
similar to that of other vertebrates, with two main layers:
an outer epidermis and an inner dermis. See Elliott (2000)
for a review of the integumentary system.

Epidermis

The epidermis is ectodermal in origin. In lampreys and
higher vertebrates, the epidermis is stratified. The lowest
layer is the stratum germinativum, composed of columnar
cells (Fig. 3.17). It is the generating layer that gives rise
to new cells. In hagfishes, lampreys, and bony fishes, there
is an outer thin film of noncellular dead cuticle (Whitear
1970). The outer part of the epidermis in terrestrial
vertebrates is the stratum corneum, which is composed of
dead, horny, keratinized squamous cells that form hair and
feathers. Breeding tubercles in fishes may also contain
keratin (Wiley & Collette 1970).

The inner dermis contains blood vessels, nerves, sense
organs, and connective tissue. It is derived from embryonic
mesenchyme of mesodermal origin. It is composed of
fibroelastic and nonelastic collagenous connective tissue
with relatively few cells. Dermal layers include an upper,
relatively thin layer of loose cells, the stratum laxum (or
stratum spongiosum) and a lower, compact thick layer, the
stratum compactum (Fig. 3.17). In adult fishes, the dermis
is much thicker than the epidermis. The thickness of the
integument depends on the thickness of the dermis.
Scaleless species, such as catfishes of the genus Ictalurus,
have relatively thick, leathery skin. The Ocean Sunfish
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Figure 3.17

Structure of fish skin.
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(Mola) has the skin reinforced by a hard cartilage layer,
50-75 mm thick. Snailfishes (Liparis, Liparidae) have a
transparent jellylike substance up to 25 mm thick in their
dermis.

The chemical composition of fish skin is poorly studied,
but some generalizations can be made. There is less water
in fish skin than in fish muscle, a higher ash content, and
similar amounts of protein. The main protein in skin is
collagen, which is why fish skin has been used to manufac-
ture glue. The chief minerals in fish skin are phosphorus,
potassium, and calcium (Van Oosten 1957). The ash com-
position of the skin of the Coho Salmon (Oncorbynchus
kisutch) is:

P,Os 33% CaO 14%
Cl 21% Na,O 9%
K,O 17% MgO 2%

Among the functions of the skin are mechanical protec-
tion and production of mucus by epidermal mucous cells.
Mucin is a glycoprotein, made up largely of albumin.
Threads of mucin hold a large amount of water. It is pos-
sible to wring the water out of mucus, leaving threads of
mucin. Among the first multicellular glands to evolve were
the mucous glands of hagfishes (Myxinidae), called thread
cells (Fernholm 1981). The oft-told story is that a hagfish
+ a bucket of water = a bucket of slime.

Other structures in the skin of fishes include epidermal
venom glands associated with spines on fins (weeverfishes,
Trachinidae; madtom catfishes, Noturus), opercles (venom-
ous toadfishes, Thalassophryninae), and the tail (stingrays,
Dasyatidae). Photophores, which produce bioluminescence,
develop from the germinative layer of the epidermis. Color
is due to chromatophores, which are modified dermal cells
containing pigment. The skin also contains important
receptors of physical and chemical stimuli.

Scales

Scales are the characteristic external covering of fishes.
There are four basic types of scales.

Placoid scales are characteristic of the Chondrichthyes,
although they have a more restricted distribution in
rays and chimaeras than in sharks. This type of scale
has been called a “dermal denticle”, but this is not
accurate terminology because there are both epidermal
and dermal portions, as in mammalian teeth. Each
placoid scale consists of a flattened rectangular basal
plate in the upper part of the dermis, from which a
protruding spine projects posteriorly on the surface.
The outer layer of the placoid scale is hard, enamel-
like vitrodentine, derived from ectoderm. Vitrodentine
is noncellular and has a very low organic content. The
scale has a cup or cone of dentine with a pulp cavity
richly supplied with blood capillaries, just as in
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mammalian teeth. Placoid scales do not increase in size
with growth; instead, new scales are added between
older scales. The teeth of elasmobranchs are
evolutionary derivatives of placoid scales, and in fact
placoid scales are homologous with teeth in all
vertebrates.

Cosmoid scales were present in fossil coelacanths and
fossil lungfishes. The scales of Recent lungfishes are
highly modified by loss of the dentine layer. Cosmoid
scales are similar to placoid scales and probably arose
from the fusion of placoid scales. Cosmoid scales are
composed of two basal layers of bone: isopedine,
which is the basal layer of dense lamellar bone, and
cancellous (or spongy) bone, which is supplied with
canals for blood vessels. Over the bone layers is a
layer of cosmine, a noncellular dentinelike substance.
Over the cosmoid layer is a thin superficial layer of
vitrodentine. Growth is by addition of new lamellar
bone underneath, not over the upper surface.

Ganoid scales were present in primitive fossil
actinopterygians and are found in Chondrostei. They
are modified cosmoid scales, with the cosmine
replaced by dentine and the surface vitrodentine
replaced by ganoine, an inorganic bone salt secreted
by the dermis. Ganoine is a calcified noncellular
material without canals. Ganoid scales are usually
rhomboidal in shape and have articulating peg and
socket joints between them. The fossil palaeoniscoid
scale is least modified in the bichirs, Polypteridae
(three layers: ganoine, dentine, and isopedine). Ganoid
scales are more modified in sturgeons (Acipenseridae)
and paddlefishes (Polyodontidae), in which lamellae of
ganoine lie above a layer of isopedine. Sturgeon scales
are modified into large plates, with most of the rest of
the body naked.

Scales of gars (Lepisosteidae) are similar to
Polypteridae in external appearance but are more
similar to those of the Acipenseridae and
Polyodontidae in structure. In the Bowfin (Amia) the
scale is greatly reduced in thickness to merely a
collagenous plate with bony particles, very similar to
the cycloid scales of Teleostei.

Cycloid and ctenoid scales are almost completely
dermal. There is no enamel-like layer except perhaps
the ctenii (teeth on posterior border) and the most
posterior and superficial ridges of the scale. These
types of scales evolved from ganoid scales by loss of
the ganoine and thinning of the bony dermal plate.
Two major portions make up these scales: (i) a surface
“bony” layer, which is an organic framework
impregnated with salts, mainly calcium phosphate (as
hydroxyapatite) and calcium carbonate; and (ii) a
deeper fibrous layer, or fibrillary plate, composed
largely of collagen.

Cycloid or ctenoid scales are present in the Teleostei,
the vast majority of bony fishes. They have the advantage
of being imbricate, overlapping like shingles on a roof,
which gives great flexibility compared with cosmoid and
ganoid scales. Small muscles pull unequally on the dermis,
causing the anterior portion of the scale to become
depressed in the dermis and covered over by the posterior
margin of the preceding scale. Cycloid scales lack ctenii.
Breeding tubercles and contact organs (see Fig. 21.2) are
present in many groups of fishes that lack ctenoid scales.

Including all scales with spines on their posterior
margins under the term ctenoid is an oversimplification of
the situation (Johnson 1984; Roberts 1993). Three differ-
ent, general types of spined scales exist: (i) crenate, with
simple marginal indentations and projections; (ii) spinoid,
with spines continuous with the main body of the scales;
and (iii) ctenoid, with ctenii formed as separate ossifica-
tions distinct from the main body of the scale (Roberts
1993). Crenate scales occur widely in the Elopomorpha
and Clupeomorpha; spinoid scales occur widely in the
Euteleostei; peripheral ctenoid scales (whole ctenii in one
row) occur, probably independently, in the Ostariophysi,
Paracanthopterygii, and Percomorpha; and transforming
ctenoid scales (ctenii arising in two or three rows and
transforming into truncated spines) are a synapomorphy
of the Percomorpha.

As with fish skin, the chemical composition of scales is
poorly known. About 41-84% is organic protein, mostly
albuminoids such as collagen (24%) and ichthylepidin
(76%). Up to 59% is bone, mostly Ca;(PO,), and CaCO:s.

Phylogenetic significance of scale types

Scales have been used as a taxonomic tool since the begin-
nings of systematic ichthyology (Roberts 1993). For
example, Louis Agassiz divided fishes into four groups
based on their scale type. More recent classifications are
based on more characters but are similar to the system used
by Agassiz.

Agassiz system Recent classification

a. Placodermi ——————> a. Chondrichthyes

b. Ganoidei b. Chondrostei
t c. Holostei

d. Teleostei:

c. Cycloidei ——> malacopterygian grade
(soft-rayed)
d. Ctenoidei — > acanthopterygian

grade (spiny-rayed)

Whereas most groups of advanced acanthopterygian tel-
eosts have ctenoid scales, some “ctenoid” groups may also
have cycloid scales, and many species will have ctenoid
scales on some parts of the body and cycloid scales on
others. In the flatfishes, Pleuronectiformes, some species
have ctenoid scales on the eyed side and cycloid scales on
the blind side that is in contact with the bottom. Some
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flatfishes are sexually dimorphic, males having ctenoid
scales and females having cycloid scales.

Scale size varies greatly in fishes. Scales may be micro-
scopic and embedded as in freshwater eels (Anguillidae),
which led to their being classified as non-kosher because of
the supposed absence of scales. Scales are small in macker-
els (Scomber), “normal” in perches (Perca), large enough to
be used for junk jewelry in Tarpon (Megalops), and huge
(the size of the palm of a human hand) in the Indian
Mabhseer (Tor tor, a cyprinid gamefish reaching 43 kg in
weight).

Development pattern of scales

In actinopterygian (ray-finned) fishes, scales usually develop
first along the lateral line on the caudal peduncle, then in
rows dorsal and ventral to the lateral line, and then spread
anteriorly (see Fig. 9.8). The last regions to develop scales
in ontogeny are the first to lose scales in phylogeny. Once
the full complement of scales is attained in ontogeny, the
number remains fixed. Therefore, the number of scales is a
useful taxonomic character. Most scales remain in place for
the life of the fish, which makes scales valuable in recording
events in the life history of an individual fish, such as
reduced growth that generally occurs during the winter or
during the breeding season. Scales become deeply buried in
the skin with age in the Swordfish, Xiphias (Govoni et al.
2004), leading some orthodox Jews to question if Sword-
fish are kosher, because kosher dietary laws require that a
fish have both fins and scales.

Geographic variation can occur in the relative develop-
ment of ctenoid scales in some species. For example, in the
Swamp Darter (Etheostoma fusiforme) of the Atlantic
Coastal Plain of the United States, the number of scales in
the interorbital area increases from north to south (Collette
1962). In northern parts of the range, the few scales present
are embedded and cycloid. Further south, there is an
increase in number and in relative “ctenoidy” of the scales;
more scales have the posterior surface of the scale project-
ing through the epidermis, and these scales have more
ctenii on them.

Lateral line scales form pores on scales from head to tail.
Most fishes have complete lateral lines, that is, pored scales
extend from behind the opercular region all the way to the
base of the caudal fin. Some species, such as the Swamp
Darter, have incomplete lateral lines, with the pores extend-
ing only part way to the caudal base. Other patterns include
disjunct where there is an interruption between the upper
and lower portions of the lateral line, as in most members
of the large family Cichlidae, multiple with several lateral
lines, and absent, where the lateral line is missing on the
body (Webb 1989).

Modifications of scales

Some fishes have scales that are deciduous, that is, easily
shed. This is true of many species of herrings (Clupeidae)
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and anchovies (Engraulidae). It may be true of one
species in a genus but not of another. For example, of
two species of common Australian halfbeaks or garfishes
(Hemiramphidae), scales remain in the River Garfish,
Hyporhamphus regularis, but are easily lost in the Sea
Garfish, H. australis.

Male darters of the genus Percina have caducous scales,
a single row of enlarged scales along the ventral surface
between the pelvic fins and the anus. Several structures in
chondrichthyans may have arisen from fusions of modified
placoid scales. These include the “spines” at the beginning
of the first and second dorsal fins of the Spiny Dogfish, the
prominent dorsal “spine” in some chimaeras (Holocephali),
the caudal fin spine in stingrays (Dasyatidae), and the teeth
on the rostrum of sawfishes (Pristis).

As mentioned earlier, the structure of placoid scales in
Chondrichthyes is the same as the structure of teeth in
vertebrates, leading to the question: Which came first? Did
some primitive chondrichthyan ancestor develop teeth that
then spread over the body? Or did the ancestor first develop
scales that then spread into the mouth and became modified
into teeth? Apparently, the dermal armor of the earliest
known vertebrates, the ostracoderms, broke up into smaller
units, and some of these scales in the mouth evolved into
teeth (Walker & Liem 1994).

In many teleosts, there is an external dermal skeleton in
addition to the internal supporting skeleton. This is com-
posed of segmented bony plates in pipefishes (Syngnathi-
dae) and poachers (Agonidae) and bony shields similar to
placoid scales with vitrodentine in several South American
armored catfish families such as the Loricariidae. The body
is enclosed in a bony cuirass (armor) in the shrimpfishes
(Centriscidae) and is completely enclosed in a rigid bony
box in the trunkfishes (Ostraciidae).

Many fishes have protective scutes or spines. The
ventral row of scales is modified into scutes with sharp,
posteriorly directed points in herrings, such as the river
herrings (Alosa) and the threadfins (Harengula). Some
jacks (Carangidae) have lateral scutes along the posterior
part of the lateral line. Sticklebacks (Gasterosteidae) have
bony lateral plates. These plates vary in number and
size in Gasterosteus aculeatus, roughly correlated with
the salinity of the habitat and the presence or absence
of predators. Sharp erectable spines derived from scales
are present in porcupine fishes (Diodontidae). Large
bony “warts” characterize lumpfishes (Cyclopterus). Sur-
geonfishes (Acanthuridae) are so named because of the
pair of sharp, anteriorly directed spines on the caudal
peduncle.

Three other modifications of scales are discussed else-
where. Lateral line scales bear sensory structures (see
Chapter 6). Lepidotrichia, fin rays supporting the fins,
probably originated from scales (see above). The superficial
bones of the skull originated as scales and have become
modified into dermal bones (see above).



Chapter 3 Skeleton, skin, and scales

Scale morphology in taxonomy and
life history

For studying taxonomy and life history, various parts of the
scale are distinguished. Cycloid and ctenoid scales can be
divided into four fields (Fig. 3.18): anterior (which is fre-
quently embedded under the preceding scale), posterior,
dorsal, and ventral. The focus is the area where scale growth
begins. The position and shape of the focus may vary, being
oval, circular, rectangular, or triangular. Radially arranged
straight lines called radii may extend across any of the
fields. A primary radius extends from the focus to the
margin of the scale. A secondary radius does not extend all
the way out to the margin of the scale. Radii may be present
in different fields: only anterior, as in pickerels (Esox); only
posterior, as in shiners (Notropis); anterior and posterior,
as in suckers (Catostomidae); or even in all four fields, as
in barbs (Barbus). Ctenii may occur in a single marginal row
or in two or more rows located on the posterior field.

Circuli are growth rings around the scale. Life history
studies, particularly those dealing with age and growth,
utilize such growth rings. This is especially useful in tem-
perate waters where pronounced retardation of growth of
body and scales occurs in fall and winter, causing the
spacing between the circuli to decrease and thus leaving a
band on the scales called an annulus. However, interpreting
such marks as annuli requires caution because any retarda-
tion in growth may leave a mark. The stress of spawning,
movement from fresh to salt water, parasitism, injury, pol-
lution, and sharp and prolonged change in temperature
may all leave marks on the scales similar to annuli. Scales
grow in a direct relationship with body growth, making it
possible to measure the distance between annuli and back
calculate the age at different body sizes. Other hard struc-
tures also show growth changes (see Chapter 10, Age and
growth) and can be used for aging, such as fin spines, oto-
liths, and various bones such as opercles and vertebrae
(DeVries & Frie 1996).

Scale morphology can also be useful in identification of
fragments such as scales found in archeological kitchen
middens or in stomach contents. An example of the latter
is Lagler’s (1947) key to the scales of Great Lakes families.
Scale morphology is also useful in classification, as shown
by McCully’s (1962) study of serranid fishes, Hughes’s
(1981) paper on flatheads, Johnson’s (1984) review of per-
coids, Coburn and Gaglione’s (1992) study of percids, and
Roberts” (1993) analysis of spined scales in the Teleostei.
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Figure 3.18

Fish scales. (A) A cycloid scale (length 3.14 mm) of the Shiner,
Notropis cornutus. (B) A ctenoid scale (length 3.5 mm) of the Yellow
Perch, Perca flavescens. The scales are oriented with the anterior field
to the left; the lengths were measured along the anterior—posterior
diameter. AF, anterior field; AN, annulus; Cl, circulus (ridge); DF, dorsal
field; FO, focus; PF, posterior field; PR, primary radius; SR, secondary
radius; VF, ventral field. From Van Oosten (1957).
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Actinopterygians have more skull bones than do
sarcopterygians. The skull encloses and protects the
brain and is composed of the neurocranium and the
branchiocranium. The neurocranium is derived from
the chondrocranium (the original cartilaginous
braincase) and the dermatocranium (dermal bones
derived from scales). Actinopterygian skull bones can
be divided into four regions: ethmoid, orbital, otic, and
basicranial.

The branchiocranium consists of five series of
endoskeletal arches (mandibular, palatine, hyoid,
opercular, branchial) derived from gill arch supports.

The notochord of primitive chordates is replaced by
the vertebral column in lampreys, Chondrichthyes, and
osteichthyans. Vertebrae form around the notochord at
intersections of myosepta with dorsal, ventral, and
horizontal septa.

Posterior vertebrae support the caudal fin in most
fishes. In teleosts, hypurals (enlarged haemal spines)
support the branched principal caudal fin rays. Three
basic types of caudal fins are: (i) protocercal, the
primitive undifferentiated caudal fin of adult lancelets,
hagfishes, lampreys, and larvae of more advanced
fishes; (ii) heterocercal, or unequal-lobed tail, in
Chondrichthyes and primitive osteichthyans; and (iii)
homocercal, or equal-lobed tail, found in most teleosts.

Partll Form, function, and ontogeny

Ribs (pleural ribs) attach to the vertebrae and protect
the viscera. Intermuscular bones are segmental,
serially homologous ossifications in the myosepta of
teleosts.

Hagfishes and lampreys lack pectoral and pelvic
girdles. Sharks have a coracoscapular (pectoral)
cartilage with no attachment to the vertebral column.
In osteichthyans, the pectoral girdle lacks a vertebral
attachment but is connected with the back of the skull
by the posttemporal bone.

The dorsal, anal, and adipose fins form the median or
unpaired fins. Cartilaginous rods support the median
fins of hagfishes and lampreys, whereas
chondrichthyan fins are supported by ceratotrichia
(horny fin rays). In osteichthyans, ceratotrichia are
replaced during ontogeny by lepidotrichia, which are
bony supporting elements derived from scales.

Primitive teleosts have a single dorsal fin composed of
soft rays. Advanced teleosts usually have two dorsal
fins: the anterior fin composed of spines and the
posterior fin composed of soft rays.

The skin and its derivatives, such as scales in fishes,
provide external protection. The five basic types of
scales are placoid, cosmoid, ganoid, cycloid, and
ctenoid.

Supplementary reading

Ostrander GK, ed. 2000. The laboratory fish. London:

Academic Press.

Journal of Morphology.
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he organs and organ systems between the skin and

scales on the outside of a fish and the axial skeleton on
the inside (see Chapter 3) are termed the soft anatomy. Soft
anatomy includes the muscles, cardiovascular system, ali-
mentary canal, gas bladder, kidneys, gonads, and nervous
system. The sense organs, although part of the nervous
system, are treated in Chapter 6 in their functional context
as receivers and integrators of information. For a compre-
hensive treatment of soft anatomy, see Harder (1975).

Fish muscle is structurally similar to that of other verte-
brates, and fishes possess the same three kinds of muscles,
but differ in that a greater proportion (40-60%) of the mass
of a fish’s muscle is made up of locomotory muscle. Among
the three types, skeletal muscle is striated and comprises
most of a fish’s mass, other than the skeleton. Smooth
muscle is nonskeletal, involuntary, and mostly associated
with the gut but is also important in many organs and in

the circulatory system. Cardiac, or heart, muscle is nonskel-
etal but striated and is found only in the heart.

Hagfishes and lampreys have a simple arrangement of
striated skeletal muscles. These primitive fishes have no
paired appendages to interrupt the body musculature. Skel-
etal muscle behind the head is uniformly segmental and is
composed of shallow W-shaped myomeres.

In jawed fishes, two major masses of skeletal muscle lie
on each side of the fish, divided by the horizontal connec-
tive tissue septum. The epaxial muscles are the upper pair,
and the hypaxials are the lower pair (see Fig. 8.1). A third,
smaller, wedge-shaped mass of red muscle lies under the
skin along the horizontal septum. This band of red muscle
is poorly developed in most bony fishes although it is much
more extensive and used for sustained swimming in fishes
such as the tunas (see Chapter 7, Heterothermic fishes).

Seven principal muscles are involved in opening and closing
the jaws, suspensorium, and operculum during feeding and
breathing (Fig. 4.1). The major muscles are the adductor
mandibulae, large muscles with several sections that insert
on the inner surface of the upper and lower jaw and origi-
nate on the outer face of the suspensorium, the chain of
bones that suspend the jaws from the neurocranium. The
adductor mandibulae function to close the jaws (see also
Fig. 8.4). The levator arcus palatini occupies the postorbital
portion of the cheek. The dilator operculi, the adductor
operculi, and the levator operculi insert on the opercle. The
adductor arcus palatini originates from the ventrolateral
margin of the parasphenoid and underlies the orbit. The
adductor hyomandibulae originates on the prootic and
exoccipital and inserts on the hyomandibula. In addition,
pharyngeal muscles, or retractores arcuum branchialium,
run from the upper pharyngeal bones to the vertebral
column and function in operating the pharyngeal jaws.
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Figure 4.1

Cheek muscles of a sculpin, Jordania zonope.
(A) Superficial musculature. (B) After removal
of A1 and A2. A1, A2, and A3, adductor
mandibulae; AAP, adductor arcus palatini;

DO, dilator operculi; LAP, levator arcus s : ;,..M 7
palatini; LIP, ligamentum primordium; LO, ‘/':%%/ //////, )/
levator operculi. From Yabe (1985). - ,{_____g__//_’;

Al

Figure 4.2

Extrinsic eye muscles of a fish. The cranial nerves that supply
the muscles are indicated by Roman numerals. From Walker and
Liem (1994).

Dorsal oblique (IV)

The dorsal gill-arch musculature, aspects of the associated
gill-arch skeleton, the transversus ventralis 4, and the semi-
circular ligament were recently described for many species
of fishes in over 200 families and over 300 genera of bony
fishes in a massive, superbly illustrated study by Springer
and Johnson (2004). They found that the transversus dor-
salis was much more complex than previously recognized
and was useful for defining various groups of fishes. A cla-
distic analysis of the dorsal gill-arch musculature and gill-
arch skeletal characters (Springer & Orrell 2004) showed
groups such as the Percopsiformes and the Ophidiiformes
to be monophyletic, whereas other groups such as the Para-
canthopterygii and the Labroidei were polyphyletic.

Muscles are arranged in pairs at the bases of the dorsal and
anal fins: protractors erect the fins and retractors depress
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DO

LAP

~4—  Anterior
eyeball

Medial rectus (IIl)

Dorsal rectus (IIl)

Lateral rectus (VI)

Ventral rectus (Il

Optic nerve

the fins. In addition, lateral inclinators function to bend the
soft rays of the anal and second dorsal fins. For the paired
fins, a single ventral abductor muscle pulls the fin ventrally
and cranially. An opposing dorsal adductor muscle pulls
the fin dorsally and caudally.

Extrinsic eye muscles move the eye within its orbit. Eye
muscles are evolutionarily very conservative, in that most
vertebrates have the same three pairs of these striated
muscles: inferior or ventral and superior or dorsal oblique;
inferior or ventral and superior or dorsal rectus; and exter-
nal or lateral and internal or medial rectus (Fig. 4.2). Eye
muscles are innervated by three cranial nerves: superior
oblique by the trochlear (IV), external rectus by the abdu-
cens (VI), and the other four by the oculomotor (III). Pos-
teriorly, the eye muscles insert into dome-shaped cavities
called myodomes in actinopterygian fishes. A suspensory
ligament above the lens and a retractor lentis muscle below
form the focusing muscle of the eye.



Chapter 4 Soft anatomy

Eye muscles have been converted into two remarkable
structures in fishes: an electric organ in the Electric
Stargazer (Astroscopus, Uranoscopidae) and heater organs
in two suborders of perciform fishes (Xiphioidei and
Scombroidei). The upper edges of the four uppermost eye
muscles form an electric organ in the Electric Stargazer.
During development, the portion from the superior rectus
loses its innervation from the trochlear nerve, and the
portion from the external rectus loses its connection with

Box 4.1

The largest, swiftest, widest ranging teleosts are the marlins
and sailfishes (Istiophoridae) and swordfish (Xiphiidae).
These “billfishes” maintain elevated brain and eye tempera-
tures, perhaps allowing them to hunt in cold water without
experiencing a decrease in brain and visual function (Block
et al. 1993). During development, one of the eye muscles
(the superior rectus) develops the capability of generating
heat without contracting. This is the result of a loss of the
contractile filaments, which take up most of the volume of
normal skeletal muscle cells, and a dramatic increase in the
amount of mitochondria, which may take up as much as
one-half to two-thirds of the cell volume of these specialized
thermogenic cells. In addition, these modified cells have
high levels of myogoblin, an oxygen-storing protein indica-
tive of high metabolic activity. They also have an unusually
large sarcoplasmic reticulum, the organelle responsible for
calcium storage in skeletal muscles. It seems that the

\ierve impluse

the abducens, so that the electric organ in adult stargazers
is innervated solely by the oculomotor nerve (Dahlgren
1927). Large stargazers can produce an electric discharge
from these muscles strong enough to incapacitate a careless
human handler. Their usual function is presumably to stun
prey or deter predators. In billfishes (Istiophoridae and
Xiphiidae), the superior rectus has been converted into a
heat-producing muscle that keeps the eye warm during
incursions into deep, cold waters (Box 4.1). In the Butterfly

central nervous system stimulates these thermogenic cells
in the same way that normal skeletal muscle cells become
activated. The release of calcium from the sarcoplasmic
reticulum does not, however, lead to contraction. Because
there are no contractile proteins and associated calcium-
binding proteins, this excess calcium is rapidly pumped
back into the sarcoplasmic reticulum. Heat is released by
the addition of these ion pumps (Fig. 4.3). In addition, the
high levels of intracellular calcium may stimulate metabolic
activity of mitochondria, resulting in additional heat produc-
tion (Block 1991).

Interestingly, modified, noncontractile muscle cells also
make up the electricity-generating electroplaques of electric
fishes (torpedo rays, knifefishes, Electric Eel, etc.). Hence
two very different, specialized cell types — thermogenic and
electrogenic — arise from alterations in developmental path-
ways associated with the basic muscle cell.

Figure 4.3

SARCOPLASMIC RETICULUM

Caz+
N\ @ ADP + P

metabolism
MITOCHONDRIA

Stimulation of the modified muscle cells of the
billfish brain heater releases calcium from the
sarcoplasmic reticulum (SR), which is then
transported back across the SR membrane. The
cycling of calcium at the membrane generates heat.
It is speculated that the excess calcium may also
stimulate mitochondrial metabolism, generating

HEAT heat.

Heater cell
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Mackerel Gasterochisma (Scombridae), the external rectus
is the muscle that becomes the heater organ (Block 1991),
showing independent evolution of this character (see
Chapter 7, Heterothermic fishes).

Sonic muscles

Fish sonic muscles are the fastest muscles in vertebrates
(Parmentier et al. 2006). They are specialized fast-
contracting striated muscles. Based on their origins and
insertions, there are two types of sonic muscles. Intrinsic
sonic muscles completely attach to the wall of the gas
bladder as in toadfishes (Batrachoididae) and sea robins
(Triglidae). Extrinsic sonic muscles have various origins and
insertions but generally these paired muscles insert on the
gas bladder or a neighboring structure. They are found in
cusk-eels (Ophidiiformes), squirrelfishes (Holocentridae),
and croakers (Sciaenidae).

Smooth muscle

Smooth muscles line the walls of the digestive tract. They
are arranged in bundles of longitudinal and circular muscles
that work in opposition to one another to permit peristaltic
transport of food. Smooth muscles are associated with the
swim bladder and move products along the ducts of the
reproductive and excretory tracts. The lens muscle of
the eye, also a smooth muscle, moves the lens, dilating or
constricting it automatically in response to changing light.

Cardiac muscle

Cardiac or heart muscle is dark red involuntary muscle. It
is thickest in the walls of the ventricle.

Ligaments

Ligaments are nonelastic strands of fibrous connective
tissue that serve to attach bones and/or cartilages to one
another. Names of ligaments usually include their initial
and terminal points. Some, however, are named after their
shape or after persons. Baudelot’s ligament is a strong
white ligament that originates on the ventrolateral aspect
of an anterior vertebra (usually the first) in lower teleosts
or on the posterior part of the skull (usually the basioccipi-
tal) in advanced teleosts and inserts on the inner part of the
cleithrum. Baudelot’s ligament helps anchor the pectoral
girdles to the sides of the fish.

White muscle versus red muscle

Faced with the conflicting demands of low-speed, economi-
cal cruising versus short bursts of maximum speed, fishes
have solved the problem by dividing the locomotory system
into two systems with different fiber types, white and red
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(Bone 1978; Webb 1993). White muscle makes up the
majority of the postcranial body of most fishes. It is used
anaerobically in short-duration, burst swimming but fatigues
quickly. White muscle gets its color because its fibers lack
myoglobin and because it has comparatively little vasculari-
zation and hence a limited oxygen supply. White muscle
fibers are relatively large in diameter, up to 300 um. White
muscle fibers have relatively few, small mitochondria, with
energy resulting from anaerobic glycolysis. Muscle glyco-
gen is depleted rapidly during contraction, producing large
amounts of lactates that may require up to 12 h for full
recovery after glycogen depletion (see Chapter 5, Respira-
tion and ventilation).

Red muscle usually forms a thin, lateral, superficial sheet
under the skin between the epaxial and hypaxial muscle
masses on each side of the fish. Red muscle is much better
developed in muscles involved in sustained swimming, such
as lateral red muscle in tunas and pectoral fin muscles in
wrasses and parrotfishes. Red muscle is hard to fatigue
because it is highly vascularized and is therefore provided
with a rich oxygen supply. The red color is caused by
abundant myoglobin. In contrast with white muscle, red
muscle has small-diameter fibers (18-75 um) and high
blood volume (three times the number of capillaries of
white muscle per unit weight). Mitochondria in red muscle
are large and abundant and energy is supplied by the aerobic
oxidation of fats. During exercise, little change occurs in
muscle glycogen or in the build-up of lactates; recovery
after exercise is rapid. The strong taste of the prominent
lateral red muscle in tunas (chiai in Japanese) leads to its
being picked out from cooked tuna prior to canning for
human consumption. (It is canned for cat food, which is
why tuna cat food smells, and tastes, so strong.)

Lamnid sharks and advanced tunas (tribe Thunnini)
have more and deeper portions of red muscle than other
fishes. A countercurrent heat exchanger system (see Chapter
7, Heterothermic fishes) between the arterioles and venules
of the cutaneous artery and vein ensures that the heat pro-
duced by muscular contraction remains in those tissues and
is not carried off by the circulatory system to be lost at
the gills. In at least the Atlantic Bluefin Tuna (Thunnus
thynnus), this heat exchanger may function in actual regu-
lation of body temperature (Carey & Lawson 1973). Cross-
sections of the body in representative scombrids show
increasing development and internalization of the red
muscles phylogenetically from mackerels to tunas (Sharp &
Pirages 1978).

Some fishes, such as the Scup (Stenotomus chrysops),
also have another type of muscle. Pink muscle is intermedi-
ate between red and white muscle in levels of myoglobin,
giving it a pink color, and is also intermediate in the other
descriptive and metabolic qualities detailed above (Webb
1993). Like red muscle, pink muscle is used for sustained
swimming and is recruited after red muscle but before
white muscle.
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Another variation on muscle color and function occurs
in the Antarctic notothenioid family Channichthyidae (see
Chapter 18, Polar regions). Many channichthyids have
blood but lack hemoglobin, leading them to being called
“bloodless”. They even lack typical red muscle, instead
having yellow muscle in the heart and in the adductor and
abductor muscles of the pectoral fin. The protein composi-
tion of yellow muscle is similar to that of normal red muscle
in fishes with hemoglobin (Hamoir & Geradin-Otthiers
1980).

Electric organ muscles

Fishes in six different evolutionary lineages have developed
the ability to amplify the usual electrical production associ-
ated with muscle contractions (see Chapter 6, Electrorecep-
tion). The muscles involved in electrogeneration are
modified skeletal muscles. Caudal skeletal muscles, and
sometimes lateral body muscles as well, are modified for
electrogeneration in the Rajidae, Mormyridae, Gymnoti-
formes, and Malapteruridae. In torpedo rays (Torpedini-
dae, Narcinidae), hypobranchial muscles are involved,
whereas an extrinsic eye muscle generates strong electrical
discharges in the teleostean Electric Stargazer, Astroscopus
(see above).

Only a few of the major muscles have been discussed here;
see Stiassny (1999) and Winterbottom (1974) for a com-
plete treatment.

The cardiovascular system serves all bodily functions but
is most closely associated with respiration, excretion,
osmoregulation, and digestion. The cardiovascular system
is the system of arteries, veins, and capillaries that carry
respiratory gases, wastes, excretory metabolites, minerals,
and nutrients. The cardiovascular systems of only a few fish
species have been investigated extensively, most notably in
hagfish, dogfish, skate, Port Jackson shark, trout, salmon,

carp, cod, eel, and lungfishes (see Randall 1970; Satchell
1991; Farrell 1993).

Anatomy

The basic pattern of blood flow in fishes involves a single-
pump, single-circuit system — from the heart to the gills to
the body and back to the heart (Fig. 4.4).

The heart is located posterior and ventral to the gills in
all fishes, although it is located farther anterior in teleosts
than in chondrichthyans. It lies in a membranous pericar-
dial cavity that is lined with parietal pericardium. The basic
fish heart consists of four chambers in series: venous blood
enters (i) the sinus venosus (a thin-walled sac) from the
ducts of Cuvier and the hepatic veins; it next flows into
(ii) the atrium; then into (iii) the ventricle, a thick-walled
pump; and finally blood flows out of the heart into (iv) the
conus or bulbus arteriosus (Farrell & Jones 1992). The
conus arteriosus is a barrel-shaped chamber invested with
cardiac muscle, present in Chondrichthyes and lungfishes
(Dipnoi). The muscular conus arteriosus is replaced by the
nonmuscular bulbus arteriosus in actinopterygian fishes.
The bulbus is an onion-shaped elastic reservoir that is pas-
sively dilated with blood as it exits the ventricle. The bulbus
dampens pressure oscillations, thereby providing continu-
ous rather than pulsed blood supply to the body.

In lungfishes, the atrium and ventricle are partly divided
by a partition, partially separating oxygenated and deoxy-
genated blood, a step toward development of the two-
pump, four-chambered heart of tetrapods. This division is
least complete in the Australian Neoceratodus, which is
least dependent on atmospheric air, and is most complete
in the South American Lepidosiren, which is most depend-
ent on atmospheric air for respiration.

Heart valves prevent backflow of blood and maintain
pressure in the circulatory system. Valves may be present
between each of the sections of the heart. Sinoauricular
valves (usually composed of both endocardial and myocar-
dial muscle) separate the sinus venosus and atrium. Auricu-
loventricular or atrioventricular valves vary in number
depending on the group: Chondrichthyes and most bony

Figure 4.4

Block diagram showing the simplest type of fish
circulatory system. Solid black vessels contain blood

of lower oxygen content; white vessels contain blood
with higher oxygen content. Arrows indicate direction
of blood flow. From Mott (1957).
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fishes have two rows of valves; the Bowfin has four rows,
the North American Paddlefish has five rows, whereas gars
and bichirs (Polypterus) have six rows. These valves are
absent in lungfishes, which do have valves in the conus
arteriosus. The number of ventriculobulbar valves is related
to the length of the conus. There is usually one or, rarely,
two in bony fishes, two to seven in Chondrichthyes, and
up to 74 in eight rows in gars. Valves outside the heart
region can occur in various parts of the circulatory system
of fishes, such as segmental arteries and veins in the caudal
regions of the Port Jackson Shark and teleost veins.

Blood is supplied to heart muscle from anterior hypo-
branchial arteries in Chondrichthyes, Actinopterygii, and
Neoceratodus. In Lepidosiren, the coronary supply origi-
nates from the second afferent artery. Hagfishes have no
special coronary circulation; they also differ in other
regards. Nervous innervation of all fish hearts, except in
the hagfish, is from the vagus. Hagfishes also have several
accessory hearts in parts of the venous system (Farrell
1993).

Heart size as a proportion of body weight is lower in
fishes than in other vertebrates. Inactive fishes have very
small hearts, making up less than 1 part per 1000 parts
body weight. More active fishes have relatively large hearts.
For example, in mackerels and tunas, the heart makes up
1.2 parts per 1000 parts body weight, and in flying fishes
(Exocoetidae), the heart constitutes 2.1 parts per 1000
parts body weight.

Blood vessels of the gills and head

The number of afferent branchial arteries bringing oxygen-
deficient blood to the gills from the ventral aorta varies

Figure 4.5

Gills and blood vessels of the head of a cod (Gadus).
From Lagler et al. (1977).
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among different groups of fishes. Hagfishes and lampreys
have seven to 14, the number depending on the number of
gill pouches. Most Chondrichthyes have four, but sharks
and rays with more gills have more arteries, such as Hex-
anchus, the Six-gilled Shark, which has five, and the Seven-
gilled Shark, Heptranchias, which has six. Lungfishes have
four to five afferent branchial arteries, whereas bony fishes
have four (Fig. 4.5).

Efferent branchial arteries bring oxygenated blood from
the gills to the rest of the body. These arteries merge to
form the dorsal aorta, the largest and longest artery in a
fish’s body. Efferent branchial arteries number one per
hemibranch in Chondrichthyes and one per holobranch in
bony fishes. Internal carotid arteries run from the aorta to
the brain. Major veins such as the facial, orbital, postor-
bital, and cerebral join into paired anterior cardinal veins,
which empty into the common cardinal (also called the
duct of Cuvier) and then into the heart. The jugular vein
collects blood from the lower head and also empties into
the common cardinal in Actinopterygii.

Many fishes have a pseudobranch, a small structure under
the operculum composed of gill-like filaments that may
provide oxygenated blood to the visual system (Box 4.2).

Blood vessels of the body

The dorsal aorta is the main route of transport of oxygen-
ated blood from the gills to the rest of the body (Fig. 4.6).
It lies directly ventral to the vertebral column in the trunk
region and gives off major vessels and segmental arteries.
The subclavian artery goes to the pectoral girdle, the coe-
liaco-mesenteric artery supplies the viscera, and the iliac or
renal artery supplies the kidneys. The dorsal aorta becomes

Lateral dorsal aorta
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Box 4.2

Many fishes have a pseudobranch, a small structure
under the operculum composed of filaments similar to
those in the gills. It was named pseudobranch, or false gill,
because, unlike the true gills, the blood reaching it is
oxygen-rich blood, not venous oxygen-deficient blood. The
history of the pseudobranch and speculations on its func-
tion make an interesting story (Laurent & Dunel-Erb 1984).
In the 1700s, Broussenot thought it had a respiratory func-
tion; in the 1800s, Hyrtl noted that it receives arterial blood,
and Mdller believed it was associated with vision. Three
important morphological features of the pseudobranch
have fueled speculation about its function.

A pseudobranch covered with epithelium is rich in a
respiratory substance, carbonic anhydrase. Is it,
therefore, an endocrine organ?

The pseudobranch is associated with chloride cells
(see Chapter 7, Control of osmoregulation and
excretion). Does it have an osmoregulatory function?

The pseudobranch has rich nervous innervation. Could
it have a sensory role?

The path of blood to and from the pseudobranch in
Actinopterygii suggests that the pseudobranch is involved

known as the caudal artery upon entering the closed haemal
canal of the caudal vertebrae.

The major return route of blood from most of the body
is the postcardinal vein. It is best developed on the right
side and empties into the common cardinal or ducts of
Cuvier, then into the sinus venosus, and finally into the
heart proper.

In the advanced tunas (tribe Thunnini), an additional
pair of large arteries, the cutaneous arteries, exit the dorsal
aorta posterior to the coeliaco-mesenteric artery and run
laterally between the ribs. As these arteries approach the
fish’s skin, they divide into two vessels, each of which runs
posteriorly, sending out arterioles to the underlying red
muscle. After passing through an extensive network of cap-
illaries — the countercurrent heat exchanger that retains
metabolic heat in the red muscle — the cutaneous vein
returns the unheated blood to the heart. Phylogenetically,
the most advanced tunas show the greatest development of
the subcutaneous circulatory system (Fig. 4.7).

in providing oxygenated blood to the eye. Blood passes
from the efferent hyoidean artery to the afferent pseudo-
branchial artery to the pseudobranchial capillaries to the
ophthalmic artery to the choroid gland of the eye. The
choroid rete mirabile is a large, discrete organ behind
the retina of the eye. It is composed of several thousand
capillaries arranged countercurrent to each other, a very
effective mechanism for maximizing gas exchange. The
pseudobranch, in combination with the countercurrent mul-
tiplier system of the choroid rete, modifies incoming oxy-
genated arterial blood by concentrating oxygen without
building up carbon dioxide.

Not all fishes possess pseudobranchs (e.g., adult eels,
Anguilliformes, and catfishes, Siluriformes, lack them).
However, these fishes are mostly nocturnal in habit and rely
heavily on non-visual senses. Hence it is not surprising that
the complex circulatory apparatus that supplies highly oxy-
genated blood to the eye has been lost in these groups.
Interestingly, larval eels do possess a pseudobranch, and
it has been speculated that it serves a respiratory function
in these larvae. It is generally accepted that the chondrich-
thyan spiracular gill is homologous to the actinopterygian
pseudobranch.

Lymphatic system

The lymphatic system is derived from the venous part of the
blood vascular system and is similar to that of other verte-
brates. Lymph is collected by paired and unpaired ducts and
sinuses that empty into the main blood system. Hagfishes
and lampreys have more connections to the venous system;
they essentially have a hemolymph system. At least some
species of lampreys and bony fishes have contractile lymph
“hearts”. Chondrichthyes have lymph vessels but do not
have sinuses or contractile lymph “hearts”.

Blood

Paralleling the trend in heart size discussed above, the
volume of blood in teleosts is less than in Chondrichthyes,
and both have lower blood volumes than tetrapods.
Hagfishes and lampreys have the greatest volume among
fishes. Blood itself is composed of plasma and blood cells.
Plasma contains dissolved minerals, digestive products,
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Postcardinal vein

Figure 4.6 Subclavian artery
Main blood vessels of a bony fish. After Lagler et al. Dorsal aorta Caudal artery
(1 977)' Efferent branchial
artery
Carotid artery
Anterior
cardinal vein Caudal vein
Afferent .
branchial artery mesenteric artery
Ventral aorta Coeliac artery
Jugular vein Common cardinal vein
A Anterior
Figure 4.7 epibranchial
Anterior arterial system in ventral view in the Scombridae Posterior ~ \\- .
i epibranchial

showing the phylogenetic increase in development of the
subcutaneous circulatory system (darkened vessels). Numbers
indicate vertebrae; stippled areas show where pharyngeal
muscles originate. (A) Wahoo (Acanthocybium); (B) Frigate tuna
(Auxis); (C) Little tuna (Euthynnus); (D) Skipjack (Katsuwonus);
(E) Longtail Tuna (Thunnus tonggol); (F) Albacore (Thunnus
alalunga). From Collette (1979).
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waste products, enzymes, antibodies, and dissolved gases,
but few detailed analyses of fish blood have been published.
Solutes in the blood function to lower its freezing point.
Freezing point depression of blood plasma is —0.5°C in
freshwater bony fishes, —1.0°C in freshwater Chondrich-
thyes, —0.6 to —1.0°C in marine bony fishes, and —2.2°C in
marine Chondrichthyes versus a freezing point of —2.1°C
for sea water. Antarctic notothenioids (see Chapter 18) have
additional blood antifreeze glycoproteins that reduce the
freezing point of their blood to —0.9 to —1.5°C, with some
notothenioids showing freezing points as low as —3°C.
Red blood cells (RBCs) account for nearly 99% of
oxygen uptake. RBCs are nucleated, yellowish-red, oval

©) (€) (F)

cells in most fishes but are round in lampreys. Fishes have
relatively fewer and larger RBCs than do mammals. Human
RBCs measure 7.9 um across, whereas fish RBCs range
from 7 um in some wrasses to relatively giant 36 um cells
in the African lungfishes, Protopterus. RBCs are absent in
notothenioids (see above) and in the leptocephalus larvae
of eels.

As in other vertebrates, the alimentary tract can be divided
into anterior and posterior regions. The anterior part



Chapter 4 Soft anatomy

Intestine

Stomach

Bile duct A

Esophagus Stomach Intestine

Pylorus

Stomach  Bjle duct

. Pylorus
Bile duct

Pyloric caeca

Esophagus
D) Intestine

©)

consists of the mouth, buccal cavity, and pharynx. The
posterior part consists of the foregut (esophagus and
stomach), midgut or intestine, and hindgut or rectum. Vol-
untary striated muscle extends from the buccal cavity into
the esophagus, involuntary smooth muscle from the poste-
rior portion of the esophagus through the large intestine.
Barrington (1957), Kapoor et al. (1975), and Fange and
Grove (1979) provide detailed accounts of the alimentary
tracts of fishes.

In hagfishes and lampreys, the absence of true jaws is
correlated with the absence of a stomach. Presumably, the
evolution of jaws permitted capture of larger prey, making
a storage organ, the stomach, highly advantageous. Both
hagfishes and lampreys have a straight intestine, but the
surface area of the intestine is increased in the lampreys by
the typhlosole, a fold in the intestinal walls. Chondrich-
thyes increase the surface area of the intestine by means of
a spiral valve, a sort of a spiral staircase inside the intestine
(Fig. 4.8).

The anatomy of the digestive tract in bony fishes deserves
additional description. The buccal cavity (mouth) and
pharynx lack the salivary glands present in mammals. These
areas are lined with stratified epithelium, mucous cells, and,
frequently, taste buds. This area is concerned with seizure,
control, and probably also selection of food.

The esophagus is a short, thick-walled tube lined with
stratified ciliated epithelium, mucous-secreting goblet cells,
and, often, taste buds. The anterior portion has striated
muscles, the posterior part smooth muscles that produce
peristaltic movement of food toward the stomach. The
esophagus is very distensible, so choking is rare, but mis-
calculation of prey size or armament can lead to the death
of the predator, as in the case of a stickleback (Gasteros-
teidae) becoming stuck in the throat of a pickerel (Esox).

Folds of mucosal lining

Figure 4.8

Variation in intestinal length and other features
among carnivorous and herbivorous fishes. (A) An
herbivorous catfish (Loricariidae). (B) Spiral valve in
cross-section of intestine of a shark. (C) A carnivore,
the Northern Pike (Esox lucius). (D) A carnivore, a
perch (Perca). From Lagler et al. (1977).
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In predaceous fishes, the stomach is lined with columnar
epithelium with mucous-secreting cells and one type of
glandular cell that produces pepsin and hydrochloric acid.
Although usually a fairly simple structure, evolutionary
modifications of the fish stomach have led to some unusual
functions. For example, the stomach, not the gas bladder,
is used for defense by blowfishes and porcupinefishes
(Tetraodontidae and Diodontidae), by taking in water or
air (see Box 20.1). The stomach is modified into a grinding
organ in sturgeons (Acipenseridae), gizzard shads (Doro-
soma), and mullets (Mugilidae) and is used to extract
oxygen in some of the South American armored catfishes
(Loricariidae).

Many gnathostome fishes lack true stomachs. This is a
secondary condition with no simple ecological explanation
(Kapoor et al. 1975). Fishes without true stomachs include
chimaeras (Holocephali) and lungfishes (Dipnoi). This con-
dition is best documented in the Teleostei, including
minnows (Cyprinidae) such as the European Rutilus, killi-
fishes (Cyprinodontidae), wrasses (Labridae; see Chao
1973), and parrotfishes (Scaridae). Characteristics of the
stomachless condition are both cytological and biochemi-
cal. Cytologically, no gastric epithelium or glands are
present. The stratified epithelium of the esophagus grades
into the columnar epithelium of the intestine. Biochemi-
cally, no pepsin or hydrochloric acid is produced, making
it impossible to dissolve shells or bones.

The intestine of most fishes is lined with simple
columnar epithelium and goblet cells. Usually no multicel-
lular glands are present. The chief exception to this is in
the cods (Gadidae), which have small tubular glands in the
intestinal wall.

Pyloric caeca, fingerlike pouches that connect to the
intestine near the pylorus, are often present. Pyloric caeca
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may function in absorption or digestion. They vary in
number from only three in a scorpionfish (Setarches) to
thousands that form a caecal mass in tunas. The number of
pyloric caeca is useful in the classification of some groups,
like the Salmonidae.

The length of the intestine varies and is generally corre-
lated with feeding habits (see Chapter 19, Scavengers, detri-
tivores, and herbivores). Carnivores such as pickerels (Esox)
and perches (Perca) have very short intestines, one-third to
three-quarters of their body length. The intestine is much
longer in herbivores and detritus feeders, 2-20 times the
body length. In the herbivorous North American Stone-
roller Minnow (Campostoma), the intestine is very long
and wrapped around the swim bladder. The important
factor is not only the actual length of the intestine but also
the internal surface area of the intestinal mucosa. In addi-
tion to sharks, as mentioned earlier, some primitive bony
fishes such as the Coelacanths (Latimeria), lungfishes, gars,
and Ladyfish (Elops) have a spiral valve intestine that
increases the surface area internally (see Fig. 4.8).

The hindgut or rectum is not as well defined externally
in fishes as it is in tetrapods. Generally, the muscle layer
near the rectum is thicker than in anterior regions, and the
number of goblet cells in the large intestine increases in the
rectal region. In Chondrichthyes, the hindgut is lined with
stratified epithelium, contrasting with a single cell layer in
the midgut. An iliocaecal valve between the small and large
intestines is often found in teleosts, but this valve is absent
in Chondrichthyes, Dipnoi, and Polypterus.

The liver and pancreas both participate in digestion. The
liver develops as a ventral evagination of the intestine, as
in other vertebrates. The anterior portion develops into the
liver proper, and the posterior portion into the gallbladder
and bile duct. The liver also stores fat in some fishes. Before
vitamins A and D were synthesized, cods and sharks were
harvested for their liver oil, which is rich in these vitamins.
The gallbladder is a thin-walled temporary storage organ
for the bile. It empties into the intestine near the pylorus
by contraction of smooth muscles. Bile is usually green due
to bile pigments (biliverdin and bilirubin) resulting from
the breakdown of blood cells and hemoglobin, and also
contains fat-emulsifying bile salts, which may assist in con-
verting the acidity of the stomach to the neutral conditions
in the intestine. The pancreas is both an endocrine organ
and an exocrine organ that produces digestive enzymes.
These enzymes include proteases such as trypsin, carbohy-
drases such as amylase and lipase, and, in some insect-
feeding fishes, chitinase. The pancreas is a compact, often
two-lobed structure in Chondrichthyes, is distinct in soft-
rayed teleosts, but becomes incorporated into the liver as
a hepatopancreas in most spiny-rayed teleosts (except for
parrotfishes). The anatomically and histologically diffuse
nature of the pancreas makes it difficult to study pancreatic
function in these advanced fishes.
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The various parts of the alimentary tract work together
in conjunction with the feeding habits of a fish. For example,
de Groot (1971) presented an instructive comparison of
correlations between various organ systems and feeding in
three families of flatfishes. The Bothidae, which are diurnal
carnivores, possess a single loop of the intestine, heavily
toothed gill rakers, small olfactory lobes of the brain, and
large optic lobes. The Pleuronectidae are also diurnal but
have complex loops of the intestine, less toothed gill rakers,
medium olfactory lobes, and large optic lobes. The Solei-
dae, which are nocturnal feeders, have more complex intes-
tinal loops, few gill raker teeth, large olfactory lobes, and
small optic lobes.

The gas bladder (swim bladder) is a gas-filled sac located
between the alimentary canal and the kidneys (Jones 1957;
Marshall 1960). It is filled with carbon dioxide, oxygen,
and nitrogen in different proportions than occur in air,
making the term “air bladder” inappropriate. The original
function of the gas bladder was probably as a lung, but in
most fishes today it functions mainly as a hydrostatic organ
that helps control buoyancy. It also plays a role in respira-
tion, sound production, and sound reception in some fishes.
Some species in at least 79 of 425 families of extant teleosts
have lost their gas bladders, at least as adults (McCune &
Carlson 2004). Most of these fishes are either benthic or
deepsea species. Billfishes (Istiophoridae) and two genera
of halfbeaks (all 10 species of Hemiramphus and one of
two species of Oxyporhamphus) have a vesicular gas bladder
composed of many discrete gas-filled vesicles (Tibbetts
et al. 2007).

Embryologically, the gas bladder is a two-layered (tunica
externa and tunica interna), specialized outgrowth of the
roof of the foregut and possesses tissues similar to those of
the foregut, as shown here:

Embryological
Tissue Layer origin
a. Peritoneal investiture tunica
b. collagenous layer ] externa
mesoderm
c. fibrous layer
d. smooth muscle tunica
o Interna
e. bladder epithelium entoderm

The structures and mechanisms by which gases enter and
are released from the gas bladder differ in the major groups
of teleosts. The pneumatic duct is a connection between
the gas bladder and the gut. Physostomous fishes retain
the connection in adults, whereas physoclistous fishes
lose the connection in adults, if it is present at all during
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development. In physostomous fishes, gas can be taken in
and emitted through the pneumatic duct. More primitive
soft-rayed teleosts have the primitive physostomous condi-
tion; whereas more advanced spiny-rayed fishes are physo-
clistous, lacking a pneumatic duct (see Chapter 5, Buoyancy
regulation).

Another, more complex mechanism, which involves two
distinct regions of the gas bladder, has evolved to allow gas
exchange in these fishes (Fig. 4.9). The anteroventral secre-
tory region contains the gas gland and the rete mirabile.
The gas gland secretes lactic acid into the beginning of the
capillary loop. This acidifies and reduces the solubility of
all dissolved gases. A change of 1 pH unit releases 50% of
the oxygen bound to hemoglobin. This raises the partial
pressure of blood oxygen by the Root and Bohr effects (see
Chapter 5, Gas transport).

The rete mirabile, or wonder net, is not actually a net
but a looping bundle of arterial and venous capillaries
associated with the gas gland that functions as a counter-
current multiplier. The rete is better developed in deep-
dwelling fishes that have longer retial capillaries, thus
providing more surface area and allowing a greater multi-

Gas gland

Rete mirabile

Rete

e Kidney
mirapile

Gas gland

plying factor. Rattails (Macrouridae) and ophidioids living
at abyssal depths of 4000 m and deeper have retial capil-
laries 25 mm in length or more; shallow water forms have
retes only 1 mm long (Marshall 1971).

The posterodorsal resorptive region of the gas bladder
is called the oval. It develops from the distal end of the
degenerating pneumatic duct and consists of a thin, highly
vascularized area. Circular muscles contract and close off
the oval, preventing outflow of gases. Longitudinal muscles
contract and expose the oval, permitting gas escape. The
walls of the gas bladder are lined with a layer of cells con-
taining crystals of guanine 3 um thick, which decreases
permeability by 40 times over an unlined membrane and
thus limits gas escape except at the oval, when it is open.

The gas bladder of physostomous fishes receives blood
from a branch of the coeliaco-mesenteric artery. Blood is
returned to the heart through the hepatic portal system.
The rete, oval, and gas bladder wall of physoclists are sup-
plied by the coeliaco-mesenteric artery and blood is returned
by a vein from the hepatic portal system. The oval and
bladder wall are also supplied by intercostal branches of the
dorsal aorta and returned through the postcardinal system.

Figure 4.9

The gas bladder. (A) Position of gas bladder in a deepsea
snaggletooth (Astronesthes). (B) Details of the gas bladder
in Astronesthes. (C) Generalized blood supply of the gas
bladder in physoclistous bony fishes. From Lagler et al.
(1977).
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Nervous innervation of the gas bladder is sympathetic
through a branch from the coeliaco-mesenteric ganglion
and by branches of the left and right intestinal vagus (X)
nerves. Cutting the vagus prevents gas secretion into the
gas bladder. Gas secretion is also inhibited by atropine, a
cholinesterase blocker. The gas gland has high cholineste-
rase activity, and the secretory fibers are probably cholin-
ergic. Sensory nerve endings function as stretch receptors,
responding to stretching or slackening of the gas bladder,
thus providing information to the fish about the relative
fullness of the gas bladder.

The kidneys are paired longitudinal structures located ret-
roperitoneally (outside of the peritoneal cavity), ventral to
the vertebral column. Left and right kidneys frequently join
together to form soft black material under the vertebrae
from the back of the skull to the end of the body cavity.
The kidneys are one of the primary organs involved in
excretion and osmoregulation (see Chapter 7, Osmoregula-
tion, excretion, ion and pH balance). Three kinds of kidneys
are present in vertebrates: pronephros, mesonephros, and
metanephros. A pronephros is present in larval fishes, a
mesonephros is the functional kidney in Actinopterygii, and
the metanephros is the kidney present in tetrapods. Kidney
tubules are involved with moving sperm in some fishes, so
the two systems are sometimes discussed as the urogenital
system.

The pronephros has nephrostomes, anterior funnels that
empty into the body cavity by way of pronephric tubules.
Adult hagfishes have an anterior pronephros and a poste-
rior mesonephros, but it appears to be the mesonephros
that is the functional kidney (Hickman & Trump 1969).
Lampreys have a pronephros until they reach about 12—
15 mm when they develop a mesonephros during meta-
morphosis. A pronephros is a transitional kidney that
appears during ontogenetic development of actinoptery-
gian larvae and then is replaced by a mesonephros as the
fish grows.

The mesonephros is a more complex kidney that does
not have funnels emptying into the body cavity. The mes-
onephros consists of a number of renal corpuscles, each
composed of a glomerulus surrounded by a Bowman’s
capsule. The glomerulus receives blood from an afferent
arteriole from the dorsal aorta. The glomerulus acts as an
ultrafilter to remove water, salts, sugars, and nitrogenous
wastes from the blood. The filtrate is collected in
Bowman’s capsule and then passes along a mesonephric
tubule where water, sugars, and other solutes are selectively
resorbed. Marine and freshwater fishes differ considerably
in kidney structure, reflecting the different problems faced
by animals living in solutions of very different solute con-
centrations (see Chapter 7, Osmoregulation, excretion, ion
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and pH balance). Freshwater fishes have larger kidneys with
more and larger glomeruli, up to 10,000 per kidney and
measuring 48-104 wm across (mean of several freshwater
species = 71 um). The glomeruli of marine fishes are only
27-94 um across (mean of several marine species =
48 um).

Urine contains water plus creatine, creatinine, urea,
ammonia, and other nitrogenous waste products. Only 3—
50% of the nitrogenous wastes are excreted through the
urine (see Table 7.2), and much of this is as ammonia; most
of the rest is excreted as ammonia at the gills during respi-
ration. Some fishes have a storage organ for urine that has
been called a “urinary bladder”, but it is a posterior evagi-
nation of the mesonephric ducts, making it mesodermal in
origin and not homologous with the entodermally derived
urinary bladder of tetrapods.

Freshwater fishes produce copious amounts of highly
dilute urine to avoid “waterlogging” by the large amount
of water diffusing in through all semipermeable membranes
(see Fig. 7.3). Marine fishes drink sea water to correct
dehydration and excrete a low volume of highly concen-
trated urine. Most nitrogenous wastes are excreted extrare-
nally through the gills.

Some fishes are aglomerular, lacking glomeruli in their
kidneys. At least 30 species of aglomerular teleosts are
known from seven different families of mostly marine
fishes, such as Batrachoididae, Ogcocephalidae, Lophiidae,
Antennariidae, Gobiesocidae, Syngnathidae, and Cottidae
(Hickman & Trump 1969; Bone et al. 1995). Aglomerular
kidneys are unable to excrete sugars and so are therefore
of great interest to physiologists studying the function of
glomeruli. It would be particularly interesting to study
kidney function of freshwater members of the above fami-
lies to see how they meet the problem of bailing out excess
water if they lack glomeruli in their kidneys.

As in tetrapods, the sexes in fishes are usually separate (dio-
ecious), with males having testes that produce sperm, and
females having ovaries that produce eggs. “Fishes as a group
exemplify almost every device known among sexually
reproducing animals; indeed, they display some variations
which may be unique in the animal kingdom” (Hoar 1969,
p. 1). Only basic anatomy is treated here; other aspects of
reproduction are discussed in Chapters 9, 10, and 21.

Testes

The testes are internal, longitudinal, and usually paired.
They are suspended by lengthwise mesenteries known as
mesorchia. The testes lie lateral to the gas bladder when
one is present. Kidney tubules and ducts serve variously
among different groups of fishes to conduct sperm to the
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outside. Testes may constitute as much as 12% of body
weight in some species at sexual maturity, although this
proportion is usually smaller.

Hagfishes and lampreys have a single testis. Sperm is
shed into the peritoneal cavity and then passes through
paired genital pores into a urogenital sinus and out through
a urogenital papilla.

Among Chondrichthyes, internal fertilization is universal,
males using modified pelvic fins, termed claspers, to insemi-
nate females. Sperm leave the testis through small coiled
tubules, vasa efferentia, which are modified mesonephric
(kidney) tubules. Sperm pass through Leydig’s gland, which
consists of small glandular tubules derived from the kidney.
Secretions of Leydig’s gland are involved in spermatophore
production. The sperm then go through a sperm duct,
which is a modified mesonephric duct, and into a seminal
vesicle, a temporary storage organ that is also secretory.

Among Actinopterygii, the situation is similar, but no
true seminal vesicles or sperm sacs are present. Marine
catfishes (Ariidae), gobies (Gobiidae), and blennies (Blen-
niidae) have secondarily derived structures that have also
been called seminal vesicles, but these are glandular devel-
opments from the sperm ducts and are not comparable to
structures with the same names in tetrapods. These vesicles
provide secretions that are important in sperm transfer or
other breeding activities.

(B) Acipenser

(E) Selachian (F) Acipenser (G) Teleost

Lungfishes, sturgeons, and gars make varying use of
kidney tubules and mesonephric (Wolffian) ducts (Fig.
4.10). In the Bowfin (Amia), vasa efferentia bypass the
kidney and go to a Wolffian duct. In Polypterus and the
Teleostei, there is no connection between the kidney and
gonads at maturity. The sperm duct is new and originates
from the testes. Thus the sperm duct of more primitive
fishes such as the Chondrichthyes and Chondrostei is not
homologous with that in the Teleostei.

The tubular structure of the teleost testis has two basic
types distinguished by the distribution of spermatogonia,
the sperm-producing cells. In most teleosts, spermatogonia
occur along the entire length of the tubules, but in ath-
erinomorph fishes the spermatogonia are confined to the
distal end of the tubules (Grier 1981).

The ovaries are internal, usually longitudinal, and primi-
tively paired but are often variously fused and shortened.
Sometimes only one ovary is present in adults, as in some
needlefishes (Belonidae). The number or relative lengths of
the ovaries are a useful taxonomic character in some fishes,
such as the needlefishes. The ovaries are suspended by a
pair of lengthwise mesenteries, the mesovaria. The ovaries
are typically ventral to the gas bladder. Kidney tubules and

Figure 4.10

Representative types of urogenital systems in fishes.
Upper series (A-D), males; lower series (E-H), females;
black organs, mesonephric kidneys; stippled organs,
testes; organs with circles, ovaries; stippled lines,
vestigial structures; a, Miillerian duct; cl, cloaca; f, open
funnel of oviduct; gp, genital papilla; I, Leydig’s gland;
md, mesonephric duct; n, nidamental gland; ov, oviduct;
u, uterus; up, urinary pore; vd, vas deferens. From Hoar
(1957).

up

(D) Teleost

(H) Teleost
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ducts are not used to transport eggs. Ovary mass can be as
high as 70% of body weight and tends to increase with
body size of individual females.

Ovaries of hagfishes and lampreys have the same basic
structure as do the male testes. There is a single ovary, and
the eggs are shed into the body cavity and then pass through
paired genital pores and out through a urogenital papilla.

In Chondrichthyes, the ovarian capsule is not continu-
ous with the oviduct so eggs are shed into the body cavity,
the gymnovarian condition. The eggs enter the funnel of
the oviduct, which is a Miillerian duct, not a modified
mesonephric duct; it develops as a posterior continuation
of the ovarian tunic. The anterior part of the oviduct is
specialized to form a nidamental or shell gland where fer-
tilization takes place. The nidamental gland secretes a mem-
brane around the fertilized egg. In oviparous (egg-laying)
taxa, the membrane is horny, composed of keratin. The
nidamental gland may function as a seminal receptacle
where sperm are nourished before fertilization. In vivipa-
rous (live-bearing) species, the posterior part of the oviduct
is modified to form a uterus, which houses the developing
embryo.

In osteichthyan fishes, the primitive gymnovarian condi-
tion is found in lungfishes, sturgeons, and the Bowfin. In
gars and most teleosts, the lumen of the hollow ovary is
continuous with the oviduct, termed the cystovarian condi-
tion. In trouts and salmons (Salmonoidei) and some other
teleosts, the oviducts have been secondarily lost in whole
or in part, so the eggs are shed into the peritoneal cavity
and reach the outside through pores.

The nervous system can be divided into the cerebrospinal
and autonomic systems. The cerebrospinal system is com-
posed of the central nervous system and the peripheral
nervous system. The central nervous system is further sub-
divided into the brain and the spinal cord (Healey 1957;
Bernstein 1970; Northcutt & Davis 1983). The peripheral
system is composed of the cranial and spinal nerves and the
associated sense organs (vision, smell, hearing, lateralis
system, touch, taste, and electrical and temperature detec-
tion; see Chapter 6). The autonomic nervous system is
composed of sympathetic and parasympathetic ganglia and
fibers.

Central nervous system

Fish brains are on average only 1/15 the size of the brain
of a bird or mammal of equal body size. Sharks have much
larger brains relative to body size than teleosts and pelagic
sharks have larger brains than pelagic teleosts (Linsey &
Collins 2006). In pickerels (Esox), the brain is only 1/1305
of body weight. Elephantfishes (Mormyridae) have the
largest brains among fishes, 1/52 to 1/82 of body weight.

Partll Form, function, and ontogeny

This large brain is associated with electroreception, as we
shall see later. In the Ocean Sunfish (Mola mola), the spinal
cord is even shorter than the brain: a 1.5 ton fish, 2.5 m
long, has a spinal cord only 15 mm long.

The brain can be divided into five parts from anterior
to posterior (Fig. 4.11). The most anterior part is the tel-
encephalon, or forebrain, which becomes the cerebrum of
tetrapods. Its function in fishes is primarily associated
with reception and passage of olfactory stimuli. The olfac-
tory nerve (cranial nerve I) runs from the nostrils to the
olfactory lobe of the brain. The olfactory lobe is large in
hagfishes and lampreys, huge in sharks such as the ham-
merheads (Sphyrnidae), and moderately large in teleosts
such as catfishes that rely heavily on odors when foraging
(Fig. 4.11E).

The diencephalon, or ‘tween brain, lies between the
forebrain and the midbrain and is also known as the saccus
dorsalis. It functions as a correlation center for incoming
and outgoing messages regarding homeostasis and the
endocrine system. The pineal body is a hollow, invaginated,
well-vascularized structure dorsal to the diencephalon and
connected to it by a narrow hollow stalk. It frequently
underlies a more or less unpigmented area of the cranial
roof and is light-sensitive in some if not all fishes. Pineal
functions are diverse, including light detection, circadian
and seasonal clock dynamics, and color change. The pineal
contains neurosensory cells that resemble cones in the
retina. Photosensitivity of the pineal has been demonstrated
by behavioral tests in Rainbow Trout. Light sensitivity of
the pineal may allow it to play a navigation role in the
cross-ocean migrations of large tunas such as the Atlantic
Bluefin, Thunnus thynnus (Rivas 1954; Holmgren 1958;
Murphy 1971). The pineal may regulate color change asso-
ciated with background matching. It also produces an apo-
crine secretion containing glycogen. There is a possibility
that the pineal may also play an endocrine role, in that it
produces the hormone melatonin, implying a potential
pineal—pituitary relationship.

The mesencephalon, or midbrain, is important in vision.
The optic nerve (cranial nerve II) brings impulses from the
eyes and enters the brain here. The midbrain is also a cor-
relation center for messages coming from other sensory
receptors. Fishes have two optic lobes, which are relatively
large in sight-feeding species such as trouts and minnows
(Fig. 4.11C, D).

The metencephalon, or hindbrain, functions in main-
taining muscular tone and equilibrium in swimming. The
cerebellum, a large single lobe, is the largest component of
the fish brain. Cranial nerve IV (trochlear) runs from the
metencephalon to the eye muscles. The metencephalon is
small in lampreys (Petromyzontidae) and almost absent in
hagfishes (Myxinidae). In elephantfishes (Mormyridae), the
cerebellum is hypertrophied to form the valvula cerebelli
(Fig. 4.11F), which extend over the dorsal surface of the
telencephalon. This large cerebellum is related to reception
of electrical impulses.
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The myelencephalon, brainstem, or medulla oblongata
is the posterior portion of the brain and the enlarged ante-
rior part of the spinal cord. Cranial nerves V through X
arise here. The myelencephalon serves as the relay station
for all the sensory systems except smell (cranial nerve I)
and sight (cranial nerve II). It contains centers that control
certain somatic and visceral functions. In bony fishes, it also
contains respiratory and osmoregulatory centers.

A series of investigators have correlated brain morphol-
ogy with ecology and behavior: H. M. Evans (1940) studied
European freshwater species, H. E. Evans (1952) investi-
gated four species of American minnows (Cyprinidae), and
R. J. Miller and H. E. Evans (1965) studied the brains of
suckers (Catostomidae).

Peripheral nervous system

The 10 cranial nerves in fishes are similar to those in other
vertebrates. Cranial nerve I, the olfactory nerve, is a
sensory nerve that runs from the olfactory bulb to the
olfactory lobes. The optic nerve (cranial nerve II) runs

©)

Figure 4.11

Dorsal views of brains of representative
fishes: (A) sturgeon; (B) Bowfin; (C) trout;
(D) minnow; (E) catfish; (F) elephantfish
(Mormyridae). Major brain parts from
anterior to posterior: bolf, olfactory lobe;
tel, telencephalon; dienc, diencephalon;
tect, optic lobe; aur, auricular cerebelli;
coch, cerebellum; emgr, eminentia
granularis; rhomb, myelencephalon; valvcb,
valvula cerebelli. From Nieuwenhuys and
Pouwels (1983).

Oncorhynchus
mykiss

Gnathonemus
petersii

from the retina to the optic lobes. As in other vertebrates,
cranial nerves III (oculomotor), IV (trochlear), and VI
(abducens) are somatic motor nerves that innervate the six
striated muscles of the eye: IV, the superior oblique; VI,
the external rectus; and III, the other four eye muscles.
Unlike in most other vertebrates, four cranial nerves (VII
through X) innervate parts of the lateral line system. The
trigeminal, V, is a mixed somatic sensory and motor nerve
serving the anterior portion of the head. Cranial nerve
VII, the facial, and VIII, the acoustic, usually join to form
the acousticofacialis nerve, which then subdivides into
four groups of mixed nerves serving the temporal and
branchial regions of the head. Patterns of nerves, such as
that of the ramus lateralis accessorius of the facial nerve
(which innervates taste buds on the posterior head and
body), have proved to be useful in assessing relationships
of teleosts (Freihofer 1963). The glossopharyngeal, IX, is
a mixed nerve that supplies the gill region. It often fuses
with cranial nerve X, the anterior ramus of the vagus. The
vagus is a mixed nerve connected to the body lateral line
and viscera.
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Summary

Fishes have three kinds of muscles (skeletal, smooth,
and cardiac, or heart, muscle) and have relatively
more skeletal muscle than do other vertebrates.

In the locomotory system, white muscle forms most of
the postcranial body and is used anaerobically for
burst swimming but fatigues quickly. Red muscle
usually forms thin, lateral, superficial sheets under the
skin; it is used in sustained swimming and fatigues
slowly.

The basic pattern of the cardiovascular system is a
single-pump, single-circuit system that goes from the
heart to gills to body and back to the heart. Many
fishes have a pseudobranch, a small structure under
the operculum composed of gill-like filaments that may
provide oxygenated blood to the visual system.

The anterior region of the alimentary tract consists of
the buccal cavity (mouth) and the pharynx. The
posterior region consists of the foregut (esophagus
and stomach), midgut or intestine, and hindgut
(rectum). Alimentary tract length and structure differ as
a function of feeding habits.

The gas or swim bladder is a gas-filled sac located
between the alimentary canal and the kidneys. It
develops from the roof of the foregut. A pneumatic
duct connects the gas bladder and the gut in primitive
teleosts (physostomous condition). Physostomous
fishes can take gas in and emit it through the mouth
and pneumatic duct. Advanced teleosts are
physoclistous, losing the connection in adults.
Physoclistous fishes have a secretory region
containing a gas gland and a rete mirabile to produce
gas, and an oval where gas is resorbed.

Partll Form, function, and ontogeny

Kidneys, paired longitudinal structures ventral to the
vertebral column, are one of the primary organs
involved in excretion and osmoregulation. A
pronephros is present in hagfishes and larval fishes,
whereas a mesonephros is the functional kidney in
Actinopterygii.

The sexes in fishes are usually separate, and the
gonads are usually paired. Males have testes that
produce sperm, and females have ovaries that
produce eggs. In Chondrichthyes and primitive
osteichthyans, eggs are shed into the body cavity —
the gymnovarian condition. In gars and most teleosts,
the lumen of the hollow ovary is continuous with the
oviduct — the cystovarian condition.

The fish brain can be divided into five parts, from
anterior to posterior: (i) the telencephalon, or forebrain,
primarily associated with smell; (i) the diencephalon, a
correlation center for messages regarding
homeostasis and the endocrine system; (iii) the
mesencephalon, or midbrain, important in vision; (iv)
the metencephalon, or hindbrain, which maintains
muscle tone and equilibrium in swimming and has a
large median lobe (cerebellum), which is the largest
component of the fish brain; and (v) the
myelencephalon, brainstem, or medulla oblongata, the
posterior portion of the brain and enlarged anterior
portion of the spinal cord that relays input for all
sensory systems except smell and sight.

Fishes have small brains but sharks have larger brains
than teleosts. The largest brains occur in
elephantfishes (Mormyridae), which have a large
proportion of their brain devoted to electroreception.

Supplementary reading

Ostrander GK. 2000. The laboratory fish. London:

Academic Press.

Journal of Morphology.
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ishes, like all eukaryotic life forms, require oxygen to

produce sufficient energy to support their metabolic
needs. Although acquiring sufficient oxygen from water is
challenging, fishes have evolved a range of morphological
and physiological adaptations that increase the efficiency of
oxygen uptake and delivery to help them succeed in a wide
range of aquatic environments. The demands of the aquatic
environment also have prompted a range of adaptations
that decrease metabolic costs through improved energetic
efficiency. In this chapter we will explore the metabolic and
energetic challenges fishes face and the mechanisms they
use to succeed and diversify. Because fishes were the first
vertebrates, these adaptations provided a physiological
foundation upon which other adaptations eventually
brought about the success of tetrapods and endothermy.

Fishes must extract oxygen from the water and distribute
it to the cells of the body fast enough to meet the demands
of metabolism. The oxygen maximizes the amount of

adenosine triphosphate (ATP) that can be generated from
glucose, the primary metabolic fuel of cellular metabolism.
This ATP is needed for many biochemical reactions, so
maximizing its production is beneficial to the fish. Oxygen
permits the aerobic completion of cellular respiration
(glycolysis, Krebs cycle, and oxidative phosphorylation). If
oxygen is not present, oxidative phosphorylation and the
Krebs cycle cannot proceed, and the only energy available
from the metabolism of glucose is from the small amount
of ATP released during the initial glycolysis reaction.

For glycolysis to continue producing some ATP, the
pyruvate that also is produced is often converted to lactate
and stored temporarily. If lactate levels get too high,
however, glycolysis can be inhibited, no ATP will be pro-
duced, and cellular metabolism will cease. When oxygen
next becomes available, such as following bursts of activity,
the stored lactate can be converted back to pyruvate and
oxidative metabolism may proceed. However, lactate con-
version bears a metabolic cost and a period of elevated
oxygen consumption is required to pay off the oxygen debt
accumulated during the period of insufficient oxygen. This
may not have an adverse effect on swimming, however,
as adult Pacific salmon (Oncorbynchus) exercised to
exhaustion in a swim tunnel showed no decrease in swim-
ming ability when tested a second time less than 1h
after the initial test (Farrell et al. 2003). The less active
Goldfish (Cyprinidae) can avoid lactate build-up altogether
through an alternative biochemical pathway that converts
excess pyruvate to alcohol which can then be excreted
(Hochachka & Mommsen 1983; Hochachka & Somero
1984). This can be quite useful in regions where Goldfish
are likely to be trapped under ice with little or no oxygen
through a long winter; Goldfish can continue producing
ATP by glycolysis without suffering the problems associated
with decreasing pH and lactate build-up.
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Water as a
respiratory environment

Terrestrial organisms live in an oxygen-rich environment,
but water contains considerably less oxygen than air — less
than 1% by volume, as opposed to over 20% for air.
Flowing or turbulent water may be well mixed, so oxygen
may be somewhat evenly distributed. Still water, however,
may have more oxygen at the surface due to diffusion from
the air. Some fishes take advantage of this by coming toward
the surface to breathe when oxygen is limited. For example,
Sailfin Molly (Poeciliidae) use aquatic surface respiration
(ASR) as well as an increase in ventilation frequency to cope
with hypoxic conditions (Timmerman & Chapman 2004).
The use of ASR diminishes, however, after a period of
acclimation to the low oxygen conditions.

Gas solubility in liquids diminishes with increasing tem-
perature. Warm water, therefore, contains less oxygen than
cool water, making the challenges of meeting metabolic
needs far greater for warm water fishes. Fresh water can
hold about 25% more oxygen than sea water due to the
diminished solubility of gases in water as the concentration
of salts or other solutes increases. This salting out effect is
true for all water solutions, including natural aquatic envi-
ronments, blood plasma, cytoplasm, or a glass of carbon-
ated beverage (just add some table salt and see what
happens). The combined effects of temperature and salinity
make oxygen availability especially low in warm, marine
environments.

Figure 5.1

(A, B) The gill arches of a fish support the gill
filaments (also called the primary lamellae)
and form a curtain through which water
passes as it moves from the buccal cavity to
the opercular cavity. (C) As water flows
across the filaments of a teleost, blood flows
through the secondary lamellae in the opposite
direction. (D) In elasmobranchs, even though
septa create some structural differences in gill
filaments, water flow across the secondary
lamellag is still countercurrent to blood flow.
(E) The countercurrent flow of water and blood
at the exchange surface of the secondary
lamellae ensures that the partial pressure of
oxygen in the water always exceeds that of the
blood, thereby maximizing the efficiency of
oxygen diffusion into the blood.

Primary
lamellae

59070 90310
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The relatively high density and viscosity of water means
that more energy is required to simply move water across
the respiratory surfaces than is true of air. A fish may use
as much as 10% or more of the oxygen that it gets from
the water simply keeping the breathing muscles going
(Jones & Schwarzfeld 1974), whereas for air-breathing
animals the relative cost is much lower, around 1-2%.

Aquatic breathing

The gills of fishes are very efficient at extracting oxygen
from the water because of the large surface area and thin
epithelial membranes of the secondary lamellae (Fig. 5.1).
Diffusion of gases across the gill membrane is further
enhanced by blood in the secondary lamellae flowing in
the opposite direction to the water passing over the gills,
thereby maximizing the diffusion gradient across the entire
lamellar surface. This countercurrent flow ensures that as
the blood picks up oxygen from the water it moves along
the exchange surface to an area where the adjacent water
has an even higher oxygen concentration.

Gills will function efficiently only if water is kept
moving across them in the same direction, from anterior
to posterior. This is accomplished in one of two ways.
First, the great majority of fishes pump water across their
gills by increasing and decreasing the volume of the buccal
(mouth) chamber in front of the gills and the opercular
chamber behind them. The expansion and contraction of
these two chambers is timed so that the pressure in the

Secondary lamella

Primary lamella

Afferent blood
Direction of vessel
water flow Direction of
blood flow

Gill skeleton Efferent blood vessel
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Mouth or oral valve

Opercular
chamber
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(pressure
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Opercular
valve

close

Suction pump phase

buccal chamber is greater than the pressure in the opercu-
lar chamber, thereby ensuring that the water flows in the
anterior to posterior direction throughout the breathing
cycle (Fig. 5.2).

A second method of gill ventilation, called ram ventila-
tion, consists simply of keeping the mouth slightly open
while swimming. The forward movement of the fish keeps
water flowing over the gills. This is an efficient way to
ventilate the gills because the work of ventilation is accom-
plished by the swimming muscles, but it can only be used
by strong swimmers while they are moving at relatively
high speeds. Some predatory pelagic fishes, such as tunas
(Scombridae), rely exclusively on ram ventilation and must
therefore swim constantly. It had been thought that sharks
also had to swim constantly in order to breathe. However,
observations of so-called “sleeping” sharks on the ocean
floor, including relatively sedentary species such as Whitetip
Reef Sharks and Nurse Sharks, indicate they too use a gill
pumping mechanism similar to the one described above for
teleosts. Many larger fishes use ram ventilation while swim-
ming at moderate to high speeds, but rely on pumping of
the buccal and opercular chambers while still or moving
slowly. As speed increases they can switch from gill pumping
to ram ventilation (Roberts 1975a).

The total surface area of the gills is considerable and
active fishes with higher metabolic demands generally have
larger gill surface areas than less active fishes. For example,
Skipjack Tuna are active pelagic predators and have about
13 cm? of gill area per gram of body weight (Roberts
1975Db). Scup (Sparidae) are nearshore, active fish and have
about 5 cm?¥/g. Benthic, yet active, plaice (Pleuronectidae)
have a little over 4 cm?/g, whereas the sluggish, benthic
Opyster Toadfish (Batrachoididae) has about 2 cm*/g. Fishes
with large gill areas control how much of the gills are

contracting

Mouth or oral valve
open closed

Figure 5.2

The timing of the expansion and contraction of the
buccal (oral) and opercular cavities ensures that
the pressure in the buccal chamber exceeds that
of the opercular chamber throughout nearly all of
the respiratory cycle. This creates a nearly steady
flow of water from the buccal chamber to the
opercular chamber, passing over the gill lamellae,
which have blood flowing through them in the
opposite direction. The fish is viewed from below.
Adapted from Hildebrand (1988).

Buccal chamber

(pressure positive)

Opercular
valve
open

Pressure pump phase

receiving blood at any given time by constricting or dilating
blood vessels in the gill filaments (see Jones & Randall
1978). This allows a fish to meet its oxygen needs without
experiencing needlessly high osmotic stress. (Because the
gill epithelium is so thin, water and ions also are exchanged
with the surrounding environment; see Chapter 7,
Osmoregulation, excretion, ion and pH balance.)

Agnathans have a very different gill structure and rely
on different means of ventilation. Hagfishes (Myxinidae)
have a muscular, scroll-like flap known as a velum which
moves water in through the single median nostril and
over the gills (Fig. 5.3). When the hagfish’s head is buried
in food, water enters and leaves the gill area via the
external opening behind the last gill pouch. Lampreys
(Petromyzontidae) expand and contract the branchial area
causing water to flow in and out through the multiple gill
openings. This method of ventilation is especially practi-
cal when the lamprey’s buccal funnel is attached to the
substrate or a host organism.

Although gills typically are identified as the respiratory
organ of most fishes, any thin surface in contact with the
respiratory medium is a potential site of gas exchange. Gas
exchange across the skin (cutaneous respiration) can be
important to some fishes, particularly in young fish whose
gills have not yet developed fully. Newly hatched alevins
of Chinook Salmon (Salmonidae) rely on cutaneous respira-
tion for up to 84% of their oxygen (Rombough & Ure
1991). As the fish develop and their gills increase in size
and efficiency, dependence on cutaneous respiration
decreases to about 30% of total uptake in the fry and later
stages. Adult eel (Anguillidae), plaice, Reedfish (Polypteri-
dae), and mudskipper (Gobiidae) gain about 30% or more
of their oxygen through their skin (Feder & Burggren
1985; Rombough & Ure 1991).
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A) Cross-section, side view
Figure 5.3 .
(A) Hagfishes have one or more external gill
openings on each side. Movement of the
scroll-like velum draws water in through the
nostril and pushes it through the pharynx
and branchial pouches. Excurrent branchial
ducts then direct the water to the gill
openings. (B) Lampreys have multiple
external gill openings on each side.
Expansion and contraction of the branchial

Nostril

pouches provides ventilation through each Nostril
external opening. This permits continued
breathing while the mouth is attached to Mouth

substrate or a host.

(B) Cross-section, top view
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Air-breathing fishes

At least 370 extant species of fishes in 49 families have
some capacity to obtain oxygen from the air, and the
numbers are likely to increase with further study (Graham
1997a; Graham & Lee 2004) (Table 5.1). Most air-
breathing fishes remain in water all of the time (aquatic air
breathers). Among these some only supplement gill respira-
tion when necessary (facultative air breathing), whereas
others must have access to air or they will drown (obligate
air breathing). Although there are some temperate air-
breathing fishes, such as the Bowfin (Amia), gars (Lepisos-
teus), mudminnow (Umbra), and Tarpon (Megalops), most
live in tropical habitats where high temperatures dramati-
cally reduce dissolved oxygen levels in water. Many of these
tropical air-breathing fishes live in freshwater habitats in
which high rates of decomposition further decrease the
amount of oxygen available and a thick forest canopy inhib-
its aquatic photosynthesis, which would add some oxygen
to the water.

Some fishes also have the ability to survive, and even
remain active, while out of the water due to their ability to
breathe air (amphibious air breathers). These include some

tropical freshwater species in habitats that may become dry
seasonally (providing additional selective pressure for aerial
respiration) and marine intertidal species that leave the
water to forage. Air breathing in these fishes is not a mecha-
nism to survive low oxygen in the water, but instead pro-
vides a means to take advantage of a habitat not available
to other fishes.

Air breathing evolved among fishes over 400 million
years ago, and at least some members of extinct groups such
as the placoderms and acanthodians may have been air
breathers (Graham 1997a). Early sarcopterygians gave rise
to early tetrapods, which have since successfully colonized
terrestrial habitats. But long after the tetrapods began their
invasion of the land, air breathing continued to develop
independently in many other groups of fishes. Although the
high salinity and temperatures of tropical oceans could
create low oxygen levels and lead to the origins of air
breathing, it is more likely that tropical freshwater habitats
with persistent low oxygen and periodic drying provided
the long-term evolutionary pressure to drive this adaptation
(Graham & Lee 2004). Air-breathing organs of fishes today
fall into three broad categories: (i) those that are derived
from the gut, such as the lungs, gas bladder, stomach, or
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Table 5.1

Diversity of fishes with air-breathing capabilities. Modified from Graham 1997a.

Order and family

No. genera/species

ELIEY

Air-breathing organ

Respiratory pattern

Lepidosireniformes
Lepidosirenidae
Protopteridae

Lepisosteiformes
Lepisosteidae

Osteoglossiformes
Osteoglossidae
Pantodontidae
Notopteridae

Gymnarchidae

Anguilliformes
Anguillidae

Cypriniformes
Cobitididae

l
1/4

2/7

l

an

Yes
Yes

Yes

(Yes/no?)

Yes

AC, AmS
AC, AmS

AC

AmV

AC + AF

Siluriformes
Pangasiidae
Clariidae
Heteropneustidae
Aspredinidae
Trichomycteridae
Callichthyidae
Loricariidae

Salmoniformes
Umbridae

Lepidogalaxiidae
Galaxiidae

1/4
3/44
12
12
22
4131
10114

M M M T T T T

Yes
Yes
Yes
Yes
Yes
Yes
Yes

AC

AC + AF, AmV + AmS
AC, AmV + AmS

AF

AC
AF

AF
AF, AmS
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Diversity of fishes with air-breathing capabilities. Modified from Graham 1997a.

Order and family No. genera/species Habitat
Cyprinodontiformes
Aplocheilidae 1/5 F
Cyprinodontidae 1/4 F,M
Scorpaeniformes
Cottidae 2/4 M
Perciformes
Stichaeidae 4/5 M
Pholididae 3/5 M
Tripterygiidae 11 M
Labrisomidae 2/2 M
Blenniidae 7/32 M
Eleotridae 2/2 M
Gobiidae 15/40 M, B
Gobioididae 11 M, B
Mastacembelidae 2/3 F, B
Anabantidae 3/24 F, B
Belontiidae 12/44 F, B
Helostomatidae 11 F
Osphronemidae 11 F
Luciocephalidae 11 F
Channidae 1/12 F
Synbranchidae 3/14 F, B

Habitats: B, brackish; F, fresh water; M, marine.
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Air-breathing organ Respiratory pattern
No AmV
No AmV + AmS
No AmV
No AmS
No AmS
No AmV
No AmV
No AmV
No AF
Yes/no AF, AmV
No AF, AmS
No AmS
Yes AC, AmV + AmS
Yes AC, (AmV?)
Yes AC
Yes AC
Yes AC
Yes AC, AmS
Yes AC + AF, AmV + AmS

Respiratory pattern: AC, aquatic continuous; AF, aquatic facultative; AmS, amphibious stranded; AmV, amphibious volitional.

intestine; (ii) structures of the head and pharynx, such as
modifications of the gills, mouth, pharynx, or opercles; and
(iii) skin, which can be very effective for gas exchange if it
is well vascularized and kept moist.

An analysis of the relationships among the known air-
breathing fishes led Graham (1997a) to conclude that air
breathing probably evolved independently at least 38 times,
and quite possibly over 65 times. Air-breathing fishes are
found in 18 orders, 49 families, and in freshwater, brackish,
and marine ecosystems (Graham 1997a). Most are aquatic
air breathers, including those that continuously breathe air
and those that only do so occasionally, but some are
amphibious species that regularly breathe air during
seasonal aestivation, occasional strandings, or intentional
excursions onto land. Air-breathing fishes show great diver-
sity in size, from as small as 3 cm up to some that may
exceed 2 m, including Arapaima gigas, one of the largest
freshwater fishes in the world.

Despite the great diversity of air-breathing fishes, 39%
of known species are found in just seven families (Graham
1997a) — the Callichthyidae and Clariidae (both in the
order Siluriformes), and the five families of anabantoids (in
the order Perciformes). Among the anabantoids, changes in
the jaws and branchial region that allow for air breathing
also provide enhanced capabilities for sound reception and
production, bubble-nest construction, and mouth brood-

ing. There also is evidence of evolutionary regression as
members of the anabantoid genus Sandelia have less
well-developed air-breathing organs than other members
of their highly specialized family who are obligatory air
breathers. This regression may be due to radiation of
members of an ancestral group into habitats with more
oxygen available (Graham 1997a).

Two main factors probably have driven the evolution of
air breathing: (i) persistent or occasional low oxygen levels
in freshwater habitats; and (ii) emergence during low tides
among littoral and intertidal marine and brackish water
habitats (Graham 1997a). In both habitats, the ability to
make excursions onto land provides access to resources that
non air breathers cannot reach.

Lungs were present in many primitive fishes, and became
more specialized and efficient among the sarcopterygians
as they evolved and one lineage became the modern tetra-
pods. As the actinopterygians evolved and became more
advanced, the lung lost its respiratory function and became
the gas bladder, which functions for buoyancy control and,
in some fishes, enhances hearing (see Chapter 6, Hearing).
Subsequently, some of the more advanced fishes developed
alternative mechanisms to once again take advantage of the
oxygen available in air.

Freshwater air-breathing fishes show a wide array of
adaptations for aerial gas exchange. Gills are not well suited
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for aerial respiration because they collapse and stick together
when not supported by the buoyancy of water. There are,
however, a few fishes that have modified gill structures that
assist with aerial respiration, such as the modified treelike
branches found above gill arches two and four of the
Walking Catfish (Clariidae) or the complex platelike out-
growths of the gill arches of anabantoids such as the Giant
Gourami (Osphronemidae) and several other Asian perci-
forms (Fig. 5.4). Other respiratory structures include highly
vascularized surfaces such as the skin, mouth, and opercular
cavity, or modifications of the gut, such as the stomach,
intestine, modified gas bladder, or lungs. Gas bladders of
most fishes are not well vascularized except in the regions
designed for gas deposition or removal (discussed else-
where in this chapter), but several air breathers have highly
vascularized and subdivided gas bladders designed for gas
exchange. These include the very large South American
osteoglossiform Arapaima (Osteoglossidae), as well as the
North American Bowfin (Amiidae) and gars (Lepisostei-
dae). The gills of these aquatic air breathers are still impor-
tant for getting rid of metabolic wastes, such as carbon
dioxide and ammonia, and for regulating ionic and acid-
base balance (see Chapter 7).

The lungfishes (Dipnoi) have true lungs. The Australian
Lungfish (Ceratodontidae) is a facultative air breather with
a single lung, whereas the African and South American
lungfishes (Protopteridae and Lepidosirenidae, respectively)
are both obligate air breathers with bilobed lungs (see
Chapter 13, Subclass Dipnoi, Order Ceratodontiformes:
the lungfishes). The gills of the South American Lungfish
(Lepidosiren paradoxa) are of so little value for gas or ion
exchange that the respiratory physiology of this species is
more similar to that of an amphibian than to most other
fishes (de Moraes et al. 2005).

Walking catfish

Gills

Figure 5.4

(A) Lateral views of the gill arches of the Walking
Catfish (Clarias batrachus) show the respiratory
fans, respiratory membranes of the suprabranchial
chamber, and treelike extensions (arborescent
organs) that permit the fish to extract oxygen from
air when it is out of water. (B) A cut-away view
of the branchial region of the Giant Gourami
(Osphronemus goramy) shows a labyrinth of
platelike extensions to accomplish the same goal.
A, from Munshi (1976); B, from Peters (1978).
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A strong reliance on air breathing among some freshwa-
ter fishes aids survival in oxygen-poor habitats, but it also
helps some cope with drought. When rivers and ponds dry
up, African lungfishes burrow into the sediment, dramati-
cally slow their metabolism, and can remain in this torpid
state for years. When the rains return and water levels rise,
they leave their mud cocoons and become active (see
Chapter 13). When the Walking Catfish is confronted with
drought conditions, it “walks away” to find another pond,
using a side-to-side lurching action supported by its stout
pectoral spines.

Many intertidal fishes also demonstrate some air-
breathing capability, so this should not be seen as an
anomaly but rather a part of the broad range of capabilities
of fishes in this extreme habitat. Oxygen can become
limited in tidepools due to increasing temperature and
salinity and the ongoing respiration of animals and plants.
Most marine air-breathing fishes evolved from relatively
advanced fishes, so they do not have lungs and instead rely
on modification of existing aquatic breathing structures
such as gills and skin (Martin & Bridges 1999). Gills often
are modified with structural support to prevent collapsing
in air, and the skin often is well vascularized, has few
scales, and is kept moist. Zhang et al. (2003b) provide evi-
dence that mudskippers (Periopthalmidae) rely on cutane-
ous respiration to support their amphibious lifestyle. Some
emergent intertidal species decrease their oxygen consump-
tion rate by using anaerobic respiration to support activity,
whereas other species simply reduce their activity until the
next high tide (Martin & Bridges 1999). Although most
marine air-breathing fishes are emergent or amphibious
and rely on their skin for respiration while in air, notable
exceptions include the Longjaw Mudsucker (Gillichthys
mirabilis), which has a highly vascularized mouth and
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pharynx (Martin & Bridges 1999), and the Pacific Tarpon
(Megalops cyprinoides), which uses its gas bladder to
augment respiration when oxygen levels in the water are
low (Seymour et al. 2004).

Although aquatic air breathers rely on gills for the release
of carbon dioxide, ion regulation, and nitrogen excretion,
the capability of some air-breathing fishes to tolerate
extended periods of low oxygen availability, and in some
cases aestivation, would require some biochemical means
of either preventing or tolerating low blood pH (due to
elevated carbon dioxide) and elevated levels of nitrogen
wastes. Ip et al. (2004a) found several different adaptations
for protecting against ammonia toxicity among five tropical
air-breathing fishes, with most fish utilizing at least two
mechanisms. These included reducing ammonia production
by reducing amino acid catabolism, converting ammonia to
less toxic compounds such as urea or glutamine, excreting
ammonia through the skin or digestive tract by increased
volatilization, and increasing tolerance to ammonia at the
cellular and subcellular level. Slender Lungfish (Protopterus
dolloi) apparently convert ammonia to urea when exposed
to air for 21-30 days (Wood et al. 2005). The Swamp Eel
(Monopterus alba) converted ammonia to glutamine when
exposed to air for 6 days, but suppressed ammonia pro-
duction during aestivation in mud for 6 or 40 days (Chew
et al. 2005). However, the African Sharptooth Catfish
(Clarias gariepinus) survived 4 days of air exposure by tol-
erating very high levels ammonia in its tissues (Ip et al.
2005). When exposed to elevated ammonia levels, the
Giant Mudskipper (Periopthalmodon schlosseri) increased
levels of cholesterol and saturated fatty acids in its skin,
thereby decreasing skin permeability (Randall et al. 2004).
In addition, exposure to the low oxygen or high sulfide
found on mudflats induces an enzyme system in some mud-
skippers to detoxify the sulfur (Ip et al. 2004b). There is
still much more to learn about the physiological specializa-
tions of these amphibious fishes.

Because some air-breathing fishes can tolerate low
oxygen levels and poor water quality, they are good species
for high-density, low-maintenance aquaculture in warm cli-
mates (Graham 1997a). Understanding more about their
physiology, therefore, would not only be intellectually
interesting, but also has the potential of being economically
valuable.

Oxygen enters the blood at the respiratory surfaces and
is transported via the circulatory system to tissues and
released (see Chapter 4, Cardiovascular system). Some
oxygen simply is dissolved in the blood plasma. This is not
enough, however, to support the level of the metabolism
of most large organisms, except in some Antarctic icefishes
(Channichthyidae). The red blood cells of most fishes and
other vertebrates contain hemoglobin, an oxygen-carrying
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protein that increases the overall capacity of the blood to
transport oxygen. Each hemoglobin molecule has four
subunits, each of which can bind a single molecule of
oxygen. The packaging of hemoglobin within red blood
cells permits intracellular biochemistry to optimize the
binding and releasing of oxygen without affecting mole-
cules carried in the plasma or in other cells in the blood
stream.

For hemoglobin to work well as an oxygen-transporting
protein it must alter its oxygen-binding ability so that it can
bind oxygen at the respiratory surface and release it at the
tissues elsewhere in the body. Like many proteins, hemo-
globin is sensitive to the physical and chemical conditions
of its environment, such as temperature and pH. At the
tissues, blood pH tends to be lowered by the presence of
carbon dioxide because it combines with water to form
carbonicacid (H,COj;). At the respiratory surfaces, however,
carbon dioxide is released to the environment, thereby
decreasing the level of carbonic acid in the blood and
raising the pH. Hemoglobin’s structure is affected by the
changing pH conditions such that it has a higher affinity
for oxygen (can bind more easily) at higher pH but has a
lower affinity when pH decreases (Fig. 5.5A). This phe-
nomenon, known as the Bohr effect, is caused by changes
in the structure of the hemoglobin subunits that alter oxy-
gen’s access to the binding sites. In some cases, the structure
of hemoglobin can become altered so much that oxygen
cannot bind to all potential binding sites and the total
capacity of the blood to carry oxygen is decreased (the Root
effect, Fig. 5.5B). These phenomena become very impor-
tant in understanding the function of the teleost gas bladder,
discussed later.

Hemoglobin can be affected by changes in temperature
also, with affinity for oxygen decreasing as temperature
increases. This is one reason why cold water fishes often
cannot survive at higher temperatures, even if the oxygen
content of the water is increased. At these higher tempera-
tures, the structure of the fish’s hemoglobin may be altered
to the point where the fish simply cannot pick up enough
oxygen at its gills, and could therefore suffocate even though
sufficient oxygen was present in the water. The blood of a
coelacanth, for example, has its highest affinity for oxygen
at 15°C, and the fish suffers from hypoxic stress at tempera-
tures above 25°C (see Fricke & Hissmann 2000).

Hemoglobins of different fish species may have different
affinities for oxygen. For example, the higher affinity of
toadfish hemoglobin makes it better adapted for low oxygen
environments. Mackerel (Scombridae), however, require
more oxygen in their environment for their hemoglobin to
become saturated enough to support their active lifestyle
(Hall & McCutcheon 1938) (Fig. 5.5C). The higher affinity
for oxygen of hemoglobin of the Largemouth Bass (Micro-
pterus salmoides, Centrarchidae) makes this species better
adapted to somewhat warmer, lower oxygen environments,
and less sensitive to hypoxia than its close relative the
Smallmouth Bass (M. dolomieu; Furimsky et al. 2003)
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Figure 5.5

Oxygen dissociation curves. Vertical axes indicate
the percent of total oxygen-binding sites that are
occupied by oxygen. The horizontal axes indicate the
concentration of oxygen dissolved in the solution
surrounding the hemaoglobin, typically blood plasma.
A decrease in pH results in a shift of the curve to the
right (the Bohr shift, A), and may also prevent full
saturation of hemoglobin with oxygen (the Root
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effect, B). (C) Toadfish can survive better than
mackerel in low oxygen conditions because their
hemoglobin has a higher affinity for oxygen than
mackerel hemoglobin. After Hall and McCutcheon
(1938). (D) Largemouth Bass are better suited for
warmer water with somewhat less oxygen than are
Smallmouth Bass because the hemoglobin of the
Largemouth Bass has a higher affinity for oxygen.
After Furimsky et al. (2003).

g 70F Mackerel g
C C
kel Qo
T 6o g
=] 2
&S sof B
= <
Q Qo
9O 40t Ie]
(@] (@]
o o
5 sof 5
T T
20} pH = 7.38
25.0°C
10H
O n n n n n n " ] O 1 1 1
0 5 10 15 20 25 30 35 40 0 20 40 60

Partial pressure of oxygen

(Fig. 5.5D). Different fish hemoglobins also may show dif-
ferent temperature sensitivities. Antarctic fishes (Notothe-
niidae) possess hemoglobinsthatare effective at temperatures
well below the effective temperature range of hemoglobins
of temperate fishes (Hochachka & Somero 1973). The
hemoglobins of the warm-bodied tunas and lamnid sharks
are less sensitive to temperature changes than are hemo-
globins of many other species. This is adaptive because
blood temperatures in these fishes may increase as much as
10°C or more as blood travels from the gills to the warm
swimming muscles (see Chapter 7). If the hemoglobins
were not thermally stable, arterial blood might unload its
oxygen as it warmed in the countercurrent heat exchanger,
resulting in loss of oxygen to venous blood and depriving
the highly active swimming muscles that need the oxygen
most (Hochachka & Somero 1984).

Some fishes, such as trouts (Salmonidae) and suckers
(Catostomidae) have more than one type of hemoglobin.
The different hemoglobins exhibit different degrees of
sensitivity to decreased pH, therefore providing a “back
up” system to ensure some oxygen transport even if blood
pH drops considerably. If all of the hemoglobins were sensi-
tive to the Bohr effect, a substantial drop in blood pH,

80 100 120

Partial pressure of oxygen

perhaps due to a burst of swimming activity, might inhibit
oxygen loading at the gills (Brunori 1975; Hochachka &
Somero 1984).

In addition to transporting oxygen, the blood must pick
up the carbon dioxide that is produced in cellular metabo-
lism and transport it back to the gills for release to the
environment. If excess carbon dioxide is not removed,
blood and tissue pH will drop and interfere with normal
metabolic processes. Because of this link between carbon
dioxide levels and pH, the transport of carbon dioxide and
oxygen are linked.

Carbon dioxide can be carried in the blood in three
forms. A relatively small amount is simply dissolved carbon
dioxide in the plasma. A greater amount is bound to hemo-
globin to form carbaminohemoglobin. Although carbon
dioxide does not bind to the oxygen-binding sites on
hemoglobin, carbaminohemoglobin has a lower affinity for
oxygen than does hemoglobin without carbon dioxide
bound to it. The greatest proportion of carbon dioxide in
the blood is carried as bicarbonate ion (HCOj;") resulting
from the dissociation of carbonic acid.

At the tissues, carbon dioxide diffuses down its concen-
tration gradient into the blood (Fig. 5.6). In the plasma
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At the tissues
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some carbon dioxide combines with water to form carbonic
acid, which dissociates to bicarbonate and hydrogen ions.
Most of the carbon dioxide, however, is drawn into the red
blood cells where this same reaction is taking place at a
faster rate due to the presence of the enzyme carbonic
anhydrase. The rapid production of H* from the dissociat-
ing carbonic acid inside the red blood cells causes the
intracellular pH to drop. This, in turn, alters hemoglobin
and causes the release of oxygen, which then diffuses out
of the red blood cells and into the tissues. In addition, some
carbon dioxide binds to hemoglobin, forcing the release of
oxygen from the hemoglobin molecule. Some hemoglobin
also binds some of the excess hydrogen ions, thereby pre-
venting the blood pH from dropping too low.

The dissociating carbonic acid also causes the concentra-
tion of bicarbonate (HCOj) inside the red blood cell to
increase. Much of this HCOj;™ diffuses across the membrane
of the red blood cell and into the plasma, keeping intracel-
lular HCOj;™ levels from getting so high that they would
inhibit further carbon dioxide uptake. In response to this
loss of negative ions from inside the cell, chloride (CI)
from the plasma diffuses into the red blood cell, thereby
balancing the distribution of charges (Cameron 1978). The
net result of all of these reactions is that the blood has taken
up carbon dioxide and become slightly acidified, oxygen
has been released from hemoglobin, the hemoglobin
molecule itself has helped buffer against too much of a pH
drop by taking up some carbon dioxide and H*, and the
bicarbonate level in the plasma has increased.

When blood gets to the respiratory surface where carbon
dioxide levels are low and oxygen levels are high, these
reactions occur in the opposite direction, resulting in the
release of carbon dioxide, a slight increase in blood pH,
and the binding of oxygen to hemoglobin within the red
blood cells.

Metabolism is the sum total of all biochemical processes
taking place within an organism. Since these reactions give
off heat as a byproduct, measuring the heat lost by an
animal probably is the best way to measure its metabolism.
This can be a difficult process, however, so frequently
another parameter related to metabolism serves as an indi-
rect measure. In fishes the rate of oxygen consumption is
frequently used as an indicator of metabolic rate, but we
must assume that no significant anaerobic metabolism takes
place during the measurement period.

Metabolic rates can be influenced by a variety of factors,
including age, sex, reproductive status, food in the gut,
physiological stress, activity, season, and temperature. For
this reason, it is useful to define metabolic terms. Standard
metabolic rate is often defined as the metabolic rate of a
fish while it is at rest and has no food in its gut. However,
Belokopytin (2004) points out that many fishes under
natural conditions feed regularly and therefore almost
always have some food in the gut, so some amount of
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digestion is likely to be part of a fish’s metabolism at all
times. Fishes rarely remain still while metabolic rates are
being measured, so the term routine metabolic rate is often
used to indicate that the rate was measured during routine
activity levels. The resulting estimates of metabolic rate are
therefore higher than what might be expected for a resting
fish. Sometimes researchers will measure metabolism at
several levels of activity and extrapolate back to zero
activity to estimate standard metabolic rate. Because metab-
olism is affected by temperature, the temperature should
be recorded whenever measuring fish metabolism.

Metabolic rate increases with activity until a fish reaches
the point at which it is using oxygen as rapidly as its uptake
and delivery system can supply it. This is its maximum (or
active) metabolic rate. The difference between the standard
metabolic rate and the maximum metabolic rate at any given
temperature is known as the metabolic scope. The concept
of metabolic scope can be important in trying to understand
a fish’s metabolic limits. Any factors that increase standard
or routine metabolic rates, such as stress due to disease,
handling, reproduction, or environmental conditions,
narrow this scope and may limit other activities.

In general, fishes tend to have higher metabolic rates at
higher temperatures, so as temperature increases a fish’s
need for oxygen also increases. Because the availability of
oxygen in water decreases with increasing temperature,
warm conditions stress most fishes. This stress probably was
an important selection factor favoring the evolution of air
breathing in many tropical fishes.

Under laboratory conditions fish acclimated to low tem-
peratures consume less oxygen than fish of the same species
acclimated to higher temperatures (see, for example,
Beamish 1970; Brett 1971; Kruger & Brocksen 1978;
DeSilva et al. 1986). The rates of many biochemical reac-
tions increase with temperature, thereby increasing the
need for oxygen to provide the energy needed to support
increased levels of cellular metabolism. However, trends
such as this observed in laboratory studies may not reflect
seasonal changes in metabolic rate. Under natural environ-
mental conditions, the gradual acclimatization of a fish to
seasonal changes involves many physiological processes,
each of which can have an impact on overall metabolism.
Therefore, the results of temperature acclimation studies
during a single season may not represent true seasonal
changes in metabolic rates (Moore & Wobhlschlag 1971;
Burns 1975; Evans 1984; Adams & Parsons 1998; Gamperl
et al. 2002).

Temperature-metabolic rate generalizations based on
studies of individual species acclimated to different tem-
peratures should not be applied across species, especially
those adapted to very different thermal environments. At
low temperatures, for example, polar fishes have metabolic
rates considerably higher than those of temperate species
acclimated to the same low temperatures (Brett & Groves
1979). Metabolic rates of tropical fishes and those of

temperate species acclimated to high temperatures differ
only slightly.

Size also can have a considerable effect on metabolism.
Not surprisingly, large fishes generally will have higher
overall metabolic rates than small fishes, assuming other
factors such as activity are constant. However, the meta-
bolic rate per unit of mass, often called the mass-specific
metabolic rate or metabolic intensity, is higher for smaller
fishes. This relationship seems to hold true for other animal
groups as well.

Among the more metabolically costly things that a fish
does is to swim. Because water is 800 times denser than air,
more energy is required to move through it. There is a
trade-off, however, in that the density of water also provides
buoyancy so that fishes do not have to utilize as much energy
fighting gravity as they would in a less dense medium. Not
surprisingly, oxygen consumption in fishes increases with
swimming velocity. The increase is exponential, starting out
quite slowly at first, but increasing dramatically at higher
velocities (Fig. 5.7). Such oxygen consumption curves prob-
ably underestimate the true metabolic cost of swimming at
high speeds because of the increased use of anaerobic
metabolism by swimming muscles at higher velocities.

The evolution of a torpedo-shaped, fusiform body
undoubtedly is the result of its energetic advantages. Fin
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The amount of oxygen used by stream fishes while holding position at
different water velocities varies with fish morphology and lifestyle. Water
column species, such as Rainbow Trout (Oncorhynchus mykiss) must
increase swimming effort as water velocity increases. The resulting
exponential increase in oxygen consumption rates with increasing
velocity has been shown in numerous studies of swimming fishes.
Mottled Sculpin (Cottus bairdi) are benthic fish that lie on and cling to the
substrate. Hence, their oxygen consumption rates do not change with
increasing water velocity. Longnose Dace (Rhinichthys cataractae)
combine tactics. At low and moderate velocities they remain on the
substrate, and oxygen consumption rates do not change much. At higher
velocities, however, they must swim, and oxygen consumption increases
dramatically. After Facey and Grossman (1990).
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shape and placement also are important considerations, as
well as body flexion during the act of swimming. The fastest,
most active swimmers are streamlined, with high, thin
caudal fins that oscillate rapidly while the rest of the body
remains fairly rigid. This eliminates the drag that would be
created by throwing most of the body into curves while
swimming forward. The relationship between body shape,
fin placement, and swimming style are addressed in more
detail in Chapter 8 (Locomotion: movement and shape).

Body shape and other morphological features also are
important to the energetics of many benthic fishes. Bottom-
dwelling stream fishes, for example, are able to hold their
position in a high-flow environment without much ener-
getic cost due to body shape and judicious use of their fins.
Mottled Sculpin (Cottidae) can use their pelvic fins to hold
to the rocky substrate of swift mountain streams. They can
even hold position in a plexiglass swimming tunnel, appar-
ently by using their large pectoral fins to create downward
force as the water flows over them (Facey & Grossman
1990). Their overall body shape of a large head and a
narrow, tapering body may also help them remain on the
bottom as water flows over them. These morphological
adaptations give sculpins the ability to hold position in
moderate currents without a significant energetic cost
(Fig. 5.7). The bottom-foraging Longnose Dace (Cyprini-
dae) responds similarly at low to moderate velocities,
showing no change in oxygen consumption. At higher
velocities, however, it must resort to swimming to hold its
position and its oxygen consumption increases dramatically.
This change in behavior breaks the oxygen consumption
curve into two distinct segments (Fig. 5.7).

Swimming

Water is a viscous medium and therefore presents consider-
able resistance to animals moving through it. It is not sur-
prising, therefore, that fishes have evolved a variety of
mechanisms to minimize the cost of swimming. Variations
in body shape, fin shape and location, and swimming style
are addressed in Chapter 8. Fishes also can utilize vortices
in their environment to reduce the cost of swimming (Liao
et al. 2003). These vortices may be created by either water
moving past an obstacle or by the movement of other fishes,
such as those in a school. By carefully positioning them-
selves fishes can use the vortices to “slalom” ahead while
reducing the activity of trunk muscles normally used in
propulsion, thereby conserving energy (see Chapter 22).

Buoyancy regulation

For fishes that are not benthic, maintaining vertical position
in the water column has the potential for being energeti-
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cally expensive. This is not the case for most teleosts,
however, because of their ability to regulate buoyancy by
regulating the size of the gas bladder, a flexible-walled,
gas-filled chamber in the body cavity. This structure is often
referred to as the “swim bladder”, but it has nothing to do
with generating propulsive forces for the act of swimming
and instead saves energy by regulating buoyancy. The gas
bladder also is important in hearing by some fishes (see
Chapter 6, Hearing).

The need to regulate the volume of the gas bladder is a
result of the effect of changing pressure as a fish changes
depth. If a fish is neutrally buoyant at a given depth and
descends in the water column, the increase in pressure
decreases the volume of the gas bladder, making the fish
negatively buoyant and the fish begins to sink. If the fish
continues to descend, the gas bladder shrinks even more
and the fish would have to expend energy to prevent further
sinking. Conversely, if a fish ascends in the water column,
the gas bladder expands and the fish becomes positively
buoyant. It would now have to either expend energy to
swim downward in the water column or continue to float
toward the surface with the gas bladder continuing to
increase in size as the pressure decreases. Therefore, to save
energy fishes must be able to regulate the volume of the gas
bladder by the release or addition of gases in order to
maintain neutral buoyancy at a variety of depths.

The gas bladder is derived as an outpocket from the
esophagus, and in some groups retains its connection to the
gut via the pneumatic duct (the physostomous condition).
In physoclistous fishes, which include the higher teleosts
(Paracanthopterygii and Acanthopterygii), the gas bladder
is initially open to the esophagus, but becomes sealed off
once the gas bladder is initially filled during the larval stage.
Czesny et al. (2005) showed that larval Yellow Perch
(Percidae) that did not inflate their gas bladder fed less
efficiently, used more energy, grew more slowly, were more
susceptible to predation, and had higher overall mortality
than those with properly inflated gas bladders.

We will consider function of the teleost gas bladder in
two parts — those of gas release and gas addition. Consider
first the case of gas release. A fish swimming upward experi-
ences increasing gas bladder volume, and to remain neu-
trally buoyant the fish must release some of the gas. In
physostomes, gas can be released directly via the pneumatic
duct. In some physostomes, however, such as eels (Anguil-
lidae, Congridae), the pneumatic duct serves as a resorptive
area for slow gas release via the blood, but can release gas
rapidly via the esophagus if necessary (Fig. 5.8A). In physo-
clists, the gas must be released via the blood. Although most
of the wall of the gas bladder is not permeable to gases
because it is poorly vascularized and lined with sheets of
guanine crystals, there is a modified area (called the oval in
some species) where gas can diffuse into the blood when
the gas bladder expands (Fig. 5.8B). The blood carries the
excess gas to the gills where it is released to the surrounding
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water. Fishes regulate the loss of gas by controlling the flow
of blood to the resorption area and by using muscles to
regulate the amount of gas entering the resorptive region.

The addition of gas to the gas bladder is more complex.
As a fish descends, the volume of the gas bladder decreases
due to increasing pressure, and the fish must add gas to
maintain neutral buoyancy. A physostome could theoreti-
cally swim to the surface, gulp air and force it into the gas
bladder via the pneumatic duct. However, the change in
pressure with depth would affect any air gulped at the
surface, making this impractical, if not impossible. Hence,
a physostome is in the same predicament as a physoclist.
The addition of gas takes place by the diffusion of gases
from the blood into the gas bladder at a special vascularized
region of the bladder wall known as the gas gland. The
process of inflating the gas bladder occurs by diffusion and
not by active transport, therefore a dramatic increase in the
amount of gas in solution in the blood must occur. Three
general physiological phenomena discussed earlier act
together to bring this about (Fig. 5.8C). First is the effect
of acidification on hemoglobin’s ability to hold oxygen. The
tissues of the gas gland produce lactic acid, which
dissociates to lactate and hydrogen ions. The increase in
hydrogen ion concentration decreases the blood pH, and
the Bohr and Root effects cause unloading of oxygen from
hemoglobin when pH decreases. This oxygen goes into

To liver Rete

(gas secretion)

Gas bladder

Oval

Figure 5.8

Schematic representation of the gas bladders of a
physostome (A) and a physoclist (B). The pneumatic
duct permits gas release via the esophagus in a
physostome, whereas a physoclist must rely on a
specialized area of the bladder wall for gas resorption.
Both have gas glands with associated retia for gas
addition. (C) Production of lactate and hydrogen ions
by gas gland tissue triggers the hemoglobin’s release
of oxygen (the Bohr and Root effects) and a decrease
in gas solubility (the salting-out effect). Countercurrent
exchange of ions and dissolved gases in the rete
creates very high gas pressures in the gas gland,
thereby facilitating the diffusion of gases into the gas
bladder. (A, B) after Denton (1961); data presented

in (C) are for eels (Anguilla), from Kobayashi et al.
(1989, 1990).

Gas gland

Gas bladder

lumen

solution in the blood, increasing the amount of dissolved
oxygen. The second phenomenon is the reduced solubility
of gases in an aqueous solution as the concentration of
lactate and hydrogen ions increases (the salting-out effect).
This helps to drive the dissolved gases out of solution and
into the gas bladder through the formation of small bubbles
(Copeland 1969). The combined effect results in the
diffusion of gas from the blood and into the gas bladder.
Elevated levels of plasma carbon dioxide also enhance
the addition of this gas into the gas bladder (Pelster &
Scheid 1992).

The third phenomenon that makes the gas gland so
effective is the efficiency of countercurrent exchange. The
blood vessels leading to and from the gas gland are divided
into a network of small capillaries that run countercurrent
to one another. Such a bundle of capillaries is called a rete
mirabile (“wonderful net”), or rete for short. As blood
leaves the gas gland and travels through the rete, lactate,
hydrogen ions, and dissolved gases diffuse down their
concentration gradients into the blood coming toward the
gas gland. Hence, the countercurrent arrangement of the
rete capillaries helps build up the levels of diffusible gases
in the gas gland.

The reason that the blood can give up oxygen in the gas
gland and enter the rete with a higher partial pressure of
oxygen than it had when it entered the gas gland, is that
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partial pressure only indicates the amount of gas in solu-
tion; oxygen bound to hemoglobin is not in solution and
therefore is not accounted for in the partial pressure. So
blood leaving the gas gland actually has less total oxygen
than when it entered because some of the oxygen has dif-
fused into the gas bladder. However, the partial pressure is
higher because the oxygen that is present is in solution.
Hemoglobin cannot bind much because the pH is low.

One other important factor is the timing of the release
of oxygen by hemoglobin under acidic conditions (the
Root-off shift) and the binding of oxygen by hemoglobin
when pH increases (the Root-on shift). The Root-off shift
occurs nearly instantaneously whereas the Root-on shift
takes several seconds. Therefore, hemoglobin in blood in
the rete that is leaving the gas gland area does not increase
its affinity or capacity for oxygen until it is already out of
the rete.

Understanding how the rete mirabile functions to build
up high gas pressures in the gas gland helps explain why
fishes with a long rete can build up higher gas pressures than
those with a shorter rete. Deepsea fishes (see Chapter 18,
The deep sea), which must deposit gas under high pressure
conditions, tend to have a longer rete than shallow water
fishes (Alexander 1993). The rete associated with the gas
bladder of migratory eels (Anguillidae) lengthens as fish
metamorphose from their shallow water, freshwater or estu-
arine juvenile phase to their deep water, oceanic reproduc-
tive phase (Kleckner & Kruger 1981; Yamada et al. 2004).

Because the main purpose of the gas bladder is to main-
tain buoyancy at a given depth, several groups of teleosts
find it more adaptive to have greatly reduced gas bladders,
if they have one at all. Many benthic fishes, such as sculpins
and flounders, either have gas bladders that are greatly
reduced in size or lack gas bladders altogether. The absence
of a gas float makes it that much easier to remain on the
bottom. Fishes that constantly swim and change depth
rapidly and frequently, such as some tunas, also lack gas
bladders. Herring (Clupeidae) are marine physostomes that
lack a gas gland. Their high body lipid content, however,
also provides buoyancy, so decreasing gas bladder volume
with depth is less of a problem (Brawn 1962).

Gas bladders are found only in the bony fishes, so the
elasmobranchs must utilize other means to reduce their
buoyancy. A cartilaginous skeleton helps because cartilage
is much less dense that bone (the specific gravity of cartilage
is 1.1, as opposed to 2.0 for bone), and the constant swim-
ming of pelagic sharks helps prevent sinking by providing
upward lift (see Chapter 8). Pelagic elasmobranchs also
maintain high levels of low-density lipids in their large
livers, which may make up 20-30% of their total body mass
(Alexander 1993). Livers of other, more benthic, sharks
make up only about 5% of their body mass. The Basking
Shark (Cetorhinidae) has a large liver that contains much
squalene (specific gravity = 0.86), which is less dense than
most other fish oils (specific gravities around 0.92). Another
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low-density, oily compound, wax esters (specific gravity =
0.86), has been found in the livers of some benthopelagic
sharks (Van Vleet et al. 1984).

Some teleosts also utilize lipids to reduce body density.
The skin, muscles, and even the bones of the Oilfish (Gem-
pylidae) contain deposits of lipids, including wax esters
(Bone 1972). Wax esters have also been found in the
muscles and adipose tissues of coelacanth (Nevenzel et al.
1966), and in some mesopelagic lanternfishes (Myctophi-
dae) that lose their gas bladders as adults (Capen 1967).
Other tactics to reduce body density include reduced
ossification of bone and increased water content of tissues.
This is true in the Lumpfish (Cyclopteridae; Davenport &
Kjorsvik 1986), a coastal teleost, and in some bathypelagic
species (Gonostomatidae and Alepocephalidae; Denton
& Marshall 1958) (see Chapter 18, The deep sea).

Energy intake

Fishes obtain the energy needed to meet metabolic demands
through feeding. The diversity of feeding adaptations found
among fishes is discussed in Chapter 8. The emphasis here
is on postingestion processes.

Food is taken into the mouth and passed down
the esophagus into the stomach. Secretion of mucus by the
epithelial lining of the esophagus helps to lubricate the
passage of food along the gut. Most fishes lack a mechanism
for chewing food in the mouth, so food items are swal-
lowed whole or in large chunks and much of the physical
breakdown takes place in the stomach. However, many
fishes, such as minnows (Cyprinidae), suckers, croakers
(Sciaenidae), cichlids (Cichlidae), wrasses (Labridae), and
parrotfishes (Scaridae), have bony arches or toothed pads
deep in the pharynx that are equipped with toothlike
projections. These pharyngeal teeth grind up food before
it reaches the stomach (see Chapter 8, Pharyngeal jaws).

The stomach is often highly distensible and can store
food. Tough ridges along the internal wall of the stomach,
along with contractions of the muscular wall, aid in the
physical breakdown of foods. Acidic secretions of the
stomach help to further break down foods; proteolytic
enzymes also function more efficiently at lower pH. The
combined physical and chemical activity of the stomach
creates a soupy mixture which is released into the small
intestine in small amounts.

Chemical digestion continues in the intestine, aided by
bile from the liver, which helps emulsify lipids, and by
secretions from the pancreas. Pancreatic juice contains
bicarbonate to neutralize the acid from the stomach and a
wide variety of enzymes to complete the process of chemi-
cal digestion.

The small intestine is also the primary site of absorption
of the products of digestion, and mechanisms exist for
maximizing this uptake. Elasmobranchs have a short, thick
intestine with a large, spiraling fold of tissue (the spiral
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valve) to increase absorptive surface area. Teleosts generally
have longer intestines, often with numerous side pouches
(pyloric caecae) to increase the absorptive area (Buddington
& Diamond 1987). Herbivorous and microphagous teleosts
have particularly long, often coiled, intestines to increase
the opportunity to extract nutrients (see Fange & Grove
1979; Lobel 1981) (Box 5.1). Some of these fishes, such as
minnows, suckers, and topminnows (Cyprinodontidae),
and several tropical marine fishes, including wrasses and
parrotfishes, have reduced stomachs or lack them altoge-
ther (Fange & Grove 1979; Lobel 1981; Buddington &
Diamond 1987). Transgenic Coho Salmon (Salmonidae)
have more than two times the intestinal surface area than
do their control counterparts, which may help explain how
these fish are so effective in extracting the nutrients needed
to maintain their high rate of growth (Stevens & Devlin
2000). Although some nutrient absorption may continue in
the large intestine, this last major portion of the gut func-
tions primarily in water absorption.

Once basic metabolic demands are met, excess nutrients
can be accumulated. Carbohydrates are stored as glycogen
either in the liver or in muscle tissue. Lipids and proteins
also are stored, resulting in an increase in mass that we refer
to as growth. Lipids tend to accumulate either in the liver,
in muscles, or as distinct bodies of fat in the visceral
cavity. Protein often goes into tissue growth. All of these
potential energy sources are mobilized when needed,
although carbohydrates are metabolized first. In prolonged

Box 5.1

Although carnivory is more common than herbivory among
fishes, herbivorous species can have a substantial effect
on macrophyte or algal communities in both marine (Alcov-
erro & Mariani 2004) and freshwater (Nurminen et al. 2003)
environments. Herbivorous fishes may depend in part on
fermentation by symbiotic microorganisms in their guts to
digest the plants they consume. Many of 27 primarily her-
bivorous tropical marine fishes from five families (Pomacan-
thidae, Scaridae, Kyphosidae, Acanthuridae, Siganidae)
showed elevated levels of short-chained fatty acids (SCFAS)
in the posterior gut segments (Clements & Choat 1995).
SCFAs are produced by microbial digestion of plant matter
in the guts of terrestrial vertebrate herbivores. Most species
examined also showed elevated SCFA levels in their blood,

periods of starvation, such as during the migration of sal-
monids, body lipids and proteins will also be used. Stored
lipids yield considerably more energy per gram than stored
carbohydrates or proteins.

Bioenergetics models

Bioenergetics models can aid in understanding energy
intake and utilization. The construction of a bioenergetics
model is a complex process because the energetic costs and
benefits of all physiological activities must be accounted
for if the model is to provide a reasonably realistic view of
how energy is being allocated. In addition, each individual
organism is different. Consequently, bioenergetics models,
like any physiological model, provide a broad conceptual
framework, rather than a precise prediction of what will
happen in any particular organism. Bioenergetics models
can, however, be useful in understanding how energy is
allocated, and may be used to estimate the impacts of envi-
ronmental alterations on rare species (Petersen & Paukert
2005). In addition, bioenergetics models of individual
species can be used to construct community bioenergetic
models, thereby providing some understanding of energy
flow through ecosystems and estimating how fish popula-
tions may be impacted by factors such as predators, invasive
species, and climate change (see Bajer et al. 2003). But such
models should be used cautiously — Bajer et al. (2003)
applied two bioenergetic models to a controlled study of

suggesting a direct contribution of metabolic fuel by
microbial fermentation.

Fermentation digestion may not only benefit herbivo-
rous fishes, however, as some planktivorous fishes studied
by Clements and Choat (1995) also showed elevated
SCFA levels. The relative contribution of gut microorgan-
isms to digestion and nutrition in fishes deserves further
study.

Some herbivorous fishes seem to rely on physical grind-
ing or low stomach pH to break through plant cell walls
(Lobel 1981). Of the 27 herbivores studied by Clements and
Choat (1995), the six showing the lowest SCFA levels all
possessed some mechanism for mechanically grinding
ingested plant material.
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Figure 5.9

Partitioning of the energy consumed by a fish. Only
energy not required to meet basic physiological needs Input
(digestion, standard metabolism, repairs) or needed for
activity is available for growth and gametes. Adapted
from Videler (1993).
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Yellow Perch, found deficiencies in both, and concluded
that such models should be evaluated in lab and field studies
and refined accordingly before being applied.

Several methods can be used to determine the energetic
content of food items, waste products, or components of
fish growth such as tissue or gametes (see Wootton 1998).
The energetic costs of different activities can be estimated
either by direct calorimetry (measuring the heat produced
by an organism) or some form of indirect calorimetry, such
as measuring oxygen consumption (discussed earlier in
this chapter). We can then construct a conceptual model
(Fig. 5.9) to represent how energy may be partitioned.
The energy equation is often represented as:

C=E+R+P,

where C is the energy consumed, E is the energy excreted,
R is the energy used in respiration, and P is the energy
remaining for production.

Some of the potential energy in food will never be
digested and is therefore lost in the feces. The proportion
that is digested is sometimes represented by the absorption
efficiency (or “digestibility”) and varies for different food
types. Carnivorous fishes feeding on soft-bodied, highly
digestible prey may have absorption efficiencies as high
as 90% or more, whereas herbivores tend to have consi-
derably lower absorption efficiencies (e.g., 40-65%; see
Wootton 1998). In general, foods high in lipids and
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proteins have much higher absorption efficiencies than
foods high in carbohydrates.

Of the energy that is absorbed during digestion, some is
subsequently lost through the excretion of nitrogenous
wastes. An additional 10-20%, depending on the amount
and type of food consumed, is used in providing the energy
needed for digestion (Jobling 1981). Larger meals and
foods with higher protein content require more energy to
digest and assimilate.

The remaining absorbed energy must be allocated among
maintaining metabolism, swimming or other forms of activ-
ity, and the production of gametes or new somatic tissue
(growth). Only energy remaining after other physiological
maintenance needs have been met is available for growth
or reproduction. Therefore, any factors that increase other
metabolic demands can ultimately decrease growth or
reproduction. Environmental factors affect the amount of
energy needed to sustain metabolism. Increased tempera-
ture often elevates metabolism and increases the need for
energy. Other energetic costs include the maintenance of
proper salt and water balance (osmoregulation) and the
costs of health maintenance by the immune system. Energy
requirements for basic maintenance may increase due to
changes in salinity, or energy diverted to fighting infections,
diseases, or parasites. In addition, exposure to contami-
nants that affect ion or water balance or that diminish the
effectiveness of a fish’s immune system can indirectly divert
more energy away from growth and reproduction.
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Fishes need oxygen to provide energy for
physiological function. In the presence of oxygen, far
more energy can be derived from the metabolism of
glucose than is possible in the absence of oxygen.
Although anaerobic metabolism can provide some
energy, it also results in the build up of lactate, which
can inhibit further metabolism.

Water’s high density and viscosity, as compared to air,
make it a difficult medium to move across respiratory
surfaces. Water also contains considerably less
oxygen than air, especially at elevated temperatures.
Fish gills provide a large surface area for gas
exchange, and the countercurrent flow of blood and
water across the lamellae maximizes the efficiency of
gas exchange by diffusion. Some fishes have special
adaptations to allow them to breathe air.

Blood transport of carbon dioxide and oxygen is
closely linked because of hemoglobin’s sensitivity to
pH. At metabolically active tissues, high levels of
carbon dioxide result in lower pH, which enhances the
release of oxygen by hemoglobin. The loss of carbon
dioxide to the surrounding water at the gills results in
an increase in pH, enhancing hemoglobin’s ability to
bind oxygen.

Metabolism is influenced by a wide variety of factors,
including the presence of food in the gut, activity, age,
sex, reproductive status, temperature, and season.
Because of the impacts of these numerous factors,
metabolic studies of fishes acclimated to controlled
laboratory conditions may not accurately represent the
metabolic rates of fishes in nature.

Many fishes that live in the water column use
buoyancy control mechanisms, such as the addition or
release of gases from the gas bladder, to save energy.

Energy in food is made available by digestion. Although
some mechanical breaking down of food is
accomplished in the mouth or pharynx of some fishes,
most digestion takes place in the stomach and intestine.
The intestines also function in nutrient uptake. Some
fishes that feed on plants rely on symbiotic
microorganisms in the gut to help break down their food.

Energy budgets indicate how the energy that is
consumed is allocated. Some of the energy in food is
not digestible and is subsequently excreted. Of the
energy that is digested and absorbed, some must be
used for basic metabolism and maintenance. Energy
remaining after basic needs have been met can be
used for growth and reproduction.
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he sensory environment of fishes is quite different than

what we experience. Vibrations such as sound may
travel long distances under water, but certain wavelengths
of light attenuate rapidly. Fishes are surrounded by mole-
cules in solution, so chemoreception (taste and smell) can
take place almost anywhere on their body that has appro-
priate receptors. And water’s conductive properties sur-
round fishes with electric impulses, making electroreception
not just a possibility, but a reality for many species. It should
not be surprising, therefore, that more than 400 million
years of natural selection have resulted in a remarkable
array of sensory abilities and adaptations. In this chapter
we will explore the fundamentals of fish sensory systems as
well as some specific examples, recognizing that the full
diversity of fish sensory capabilities is well beyond the reach
of these pages.

Sensory organs are basically accessories to the nervous
system that act as transducers. They capture specific types
of signals, such as light, sound, molecular shapes, or elec-
tricity, and convert them into changes in action potentials,
which are then carried by sensory neurons to the brain
where the information is interpreted. Sensory systems may
show ontogenetic changes because larvae, juveniles, and
adults must be prepared to deal with different sensory

environments. We will consider the following categories of

fish sensory systems: mechanoreception (lateral line,
hearing), electroreception, vision, chemoreception (taste
and smell), and magnetic reception. In addition, we con-
sider the question of whether or not fishes detect pain (Box
6.1). Finally, we will explore how signals from various
sensory organs are integrated to help fishes survive and
thrive in their environments.

Water’s density makes it an excellent conductor of vibra-
tions. It is not surprising, therefore, that aquatic organisms
have come to rely heavily on detecting these signals in a
variety of ways. These mechanisms evolved early in the
long history of vertebrates, and have become highly modi-
fied and specialized in the fishes.

Mechanoreception among fishes involves the detection
of the movement of the water. Fishes have two major
mechanosensory systems: the lateral line system and the
inner ear. Both of these rely on sensory hair cells (Fig. 6.1)
which include an array of cilia on their apical surface. Dis-
placement of the shorter stereocilia with respect to the
much longer kinocilium alters the rate of nerve impulses
sent to the brain by the nerve cells associated with each hair
cell - a higher rate if the stereocilia move toward the kino-
cilium and a lower rate if they move in the opposite direc-
tion. The lateral line system detects disturbances in the
water, thereby helping a fish detect currents, capture prey,
maintain position in a school, and avoid obstacles and
predators, whereas the inner ear is responsible for fish
equilibrium and balance, as well as hearing (Schellart &
Waubbels 1998).

The lateral line system is an old feature in the history of
vertebrates, as indicated by its presence in fossil jawless
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Box 6.1

Sneddon et al. (2003) attempted to address the question
of whether fish can detect pain by studying neural and
behavioral responses of Rainbow Trout (Oncorhynchus
mykiss) to noxious stimuli. Monitoring nerve activity in the
brain of decerebrated trout revealed 22 areas of noci-
ceptors (receptors that respond to noxious stimuli) on the
mouth, face, and head. Some of these responded to
pressure, some to heat, some to acetic acid, and some
responded to all of these (polymodal nociceptors). Behav-
ioral studies showed that trout that had bee venom or
acetic acid injected into their lip had significantly higher
breathing rates and took much longer to resume feeding
after treatment than did fish that were injected with saline
or fish that were just handled and had nothing injected. The
fish injected with acetic acid also rubbed their lips in the
gravel and against the sides of the tank. In a related study,
the effects of noxious stimuli were reduced when the fish
were administered morphine (Sneddon 2003). The combi-
nation of the facts that these fish detected noxious stimuli,
that the noxious stimuli caused fish to rub their jaws in the
gravel and stop eating, and that these effects could be
reduced by the use of an analgesic led Sneddon (2004) to
the conclusion that criteria for nociception and pain were
met, and that bony fishes, as represented by Rainbow
Trout, can feel pain. Studies of elasmobranchs, however,
have not shown nociception (see Rose 2002; Sneddon
et al. 2003), and it is therefore presumed that they do not
have the capability to sense pain. In a more recent review
of related studies, Braithwaite and Boulcott (2007) also
conclude that bony fishes may be able to sense pain, and
perhaps fear.

Rose (2002, 2007), however, argues that just because
fish detect and react to noxious stimuli, does not mean that
they necessarily feel pain. His argument comes down to a
few main points: (i) sensing pain requires a level of cogni-
tion and awareness that can only be achieved by animals
that have a complex neocortex of the brain, which fishes
do not have; (i) responses to noxious stimuli can occur

fishes from the Silurian. The system is only useful in water,
and is therefore restricted to fishes and larval and perma-
nently aquatic amphibians. The hair cells of the lateral line
system are organized into neuromasts, which allow fishes
to detect vibrations in the water that originate from or
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without a level of awareness that could be perceived as
pain; and (iii) analgesics such as morphine act at the sub-
cortical level of the brain, and in the spinal cord, so their
effects on nociception should not be seen as evidence for
an animal’s ability to perceive pain. Rose recognizes that
fishes have been shown to learn, but feels that the type of
learning seen in fishes can occur without conscious aware-
ness, so it should not be used as an argument that fishes
possess higher level cognition. This leads Rose to the con-
clusion that fishes simply do not have the brain structure
necessary to process and perceive pain.

Rose’s argument, however, is based on a definition of
pain that requires a conscious awareness of the stimuli,
and also on the argument that this can only be achieved in
a brain that has a neocortex, which fishes lack. The assump-
tion, therefore, is that animals lacking a brain structure
similar or equivalent to the area associated with pain de-
tection in humans must not be able to perceive pain. This
seems to be a case of humans defining pain in terms that
can only apply to animals with brains similar to ours, and
then concluding that animals with a much simpler brain
structure cannot detect pain. Fishes can detect noxious
stimuli, react to it, and have it affect their behavior.

As Rose points out, however, it would be anthropomor-
phic to presume that a fish’s perception of pain is similar
to ours, and we should make no presumptions about the
emotional or psychological impacts of noxious stimuli on
fishes, as we have no data to suggest that they have the
capability for such cognition and their brain structure seems
to make it unlikely that that they could. Iwama (2007) points
out that we will never be able to know enough about the
mental processing of stimuli to determine whether or not
fishes may experience something similar to what we would
describe as pain. He suggests, therefore, that the scientific
community not be drawn into this debate, but instead focus
on testable aspects of fish biology and physiology, while
recognizing our “ethical responsibility to respect the life and
well-being of all organisms”.

reflect off prey, predators, other fishes in a school, and
environmental obstacles. These neuromasts are clusters of
cells that are typically covered by a gelatinous cupula (Fig.
6.2), which can be displaced by water movement, thereby
moving the cilia of the hair cells and initiating a change
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Mechanoreception involves sensory hair cells, which
are found in the lateral line system of fishes and the
inner ear of fishes and other vertebrates. The apical
surface of a sensory hair cell usually has numerous
stereocilia and a single, much longer kinocilium.
Deflection of the stereocilia toward or away from the
kinocilium causes an increase or decrease in the firing
rate of the sensory neuron innervating the hair cell at
its basal surface.

Cupula

Lateral line canal

Sensory hair cell

Support cell

Sensory nerve

(A) Cross-section of the lateral line on the trunk of a fish showing the distribution and innervation of neuromast receptors and the location of pores that
connect the canal to the external environment. (B) Each neuromast is composed of several sensory hair cells, support cells, and innervating sensory
neurons. The apical kinocilia and stereocilia project into a gelatinous cupula which overlays the entire neuromast.

in signals to the brain (Schellart & Wubbells 1998). The
cupula helps screen out background “noise” by preventing
the hair cells from being affected by small vibrations — only
vibrations strong enough to move the entire cupula will be
detected by the hair cells within it.

The lateral line system has two main subdivisions —
superficial neuromasts, which are free-standing on the skin,
and canal neuromasts, which are located in channels
beneath the scales of the trunk (the “lateral line”) and in
dermal bones of the head (“cephalic lateral line canals”)
and which open to the surrounding water via small pores
(Fig. 6.2). Early in development all neuromasts are super-
ficial and tend to be concentrated around the head, but as
development progresses they spread along the trunk and
in many fishes they become incorporated into canals that
run below the skin or scales (Poling & Fuiman 1998; Diaz
et al. 2003; Gibbs & Northcutt 2004). Superficial neuro-
masts are more exposed, making them quite sensitive to
water movement across the skin. This makes them particu-

larly effective for detecting water currents for orientation
(rheotaxis) or movement of the fish itself in areas with little
water velocity, but not very useful for detecting small
stimuli in areas of swift or turbulent water (Engelmann
et al. 2000, 2002). They also are most effective in detecting
currents that are unidirectional or at frequencies below
20 Hz (Braun et al. 2002). Superficial neuromasts are more
abundant in fishes that are sedentary or slow swimmers and
that inhabit quiet areas, such as the Goldfish (Carassius
auratus). Canal neuromasts, however, are shielded from
constant stimulation by water moving across the skin and
are better at detecting stimuli if the fish or the water around
it is moving quickly. Therefore, they are more effective in
detecting transient currents, or currents of higher frequency
(20-100 Hz; see Braun et al. 2002). These, therefore, tend
to be better developed in fishes that are fast swimmers
or that live in fast or turbulent water. Rainbow Trout
(Oncorbyunchus mykiss), for example, often inhabit
running water and have very few superficial neuromasts
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but have well-developed neuromasts in narrow canals
(Engelmann et al. 2002). And the canal neuromasts of the
Mottled Sculpin (Cottus bairdi) help the fish locate prey by
filtering out background stimuli due to water currents
(Kanter & Coombs 2003).

As an example of the relationship between the lateral
line system and habitat use, Poling and Fuiman (1998)
studied the development of lateral line systems and vision
in juveniles of three species of drum (family Sciaenidae). As
in other fishes, the superficial neuromasts develop first, and
then some become incorporated into canals as development
continues and the fishes become more active. However, the
relative abundance of the two types of neuromasts differed
among species and correlated well with juvenile habitat
and the relative role that vision might also play. Juveniles
of Spotted Seatrout (Cynoscion nebulosus), which inhabit
shallow, murky, and often weedy inshore areas where
mechanoreception would be more critical to predator and
prey detection, had significantly more superficial neuro-
masts on their heads than did juveniles of Red Drum
(Sciaenops ocellatus) or Atlantic Croaker (Micropogonis
undulatus). Juveniles of Atlantic Croaker settle the furthest
offshore, where the water is clearer and deeper, and they
are larger and have the best developed eyes of the three
species. Red Drum juveniles are somewhat intermediate in
both their habitat (bays and nearshore areas) and their
sensory development.

There are other examples of fishes in which mechanore-
ception helps compensate for a poor visual environment.
Under experimental conditions, Lake Trout (Salvelinus
namaycush) detected and followed the hydrodynamic trails
left by prey fishes in total darkness, and their ability to
capture prey was significantly inhibited when the lateral
line system was rendered ineffective (Montgomery et al.
2002). Mottled Sculpin feed in low light conditions and
rely on their lateral lines to detect and locate prey (Braun
et al. 2002). And Blind Cave Fish (Astyanax fasciatus
mexicanus/Anoptichthys jordani) have many superficial
neuromasts, as well as taste buds, on their heads to help
compensate for the inability to see (Schellart & Wubbells
1998). They rely more on their lateral line system than any
other sense (Montgomery et al. 2001a).

Figure 6.3
The inner ear of fishes. After Hildebrand (1988).
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Some fish predators have learned that their prey can
be attracted to vibrations and have used this to their
advantage. Several species of piscivorous birds, including
herons and egrets (family Ardeidae) have been observed
creating disturbances in the water’s surface by tongue-
flicking or bill-vibrating in order to attract fishes (Davis
2004). In addition, the recreational angling industry
designs lures that create vibrations in the water, and even
fishing rods have been developed that have built-in,
battery-operated vibration devices that claim to enhance
angling success.

Equilibrium and balance

Hair cells also can detect movement of fluid or objects
within organisms, and therefore play an important role
in the ability of fishes to maintain their equilibrium and
orientation within the water column (Schellart & Wubbels
1998). Postural equilibrium and balance are maintained
by the pars superior, a portion of a fish’s inner ear that,
in jawed fishes, consists of three semicircular canals and
an additional chamber known as the utricle (Fig. 6.3).
Lampreys (Petromyzontidae) have only two semicircular
canals, and hagfishes (Myxinidae) have one. The semicir-
cular canals are filled with a fluid (endolymph) and have
sensory hair cells in their terminal ampullae. Changes in
acceleration or orientation set the endolymph in motion
and cause displacement of a gelatinous cupula that encloses
the cilia of the hair cells. Lateral displacement of the cilia
results in changes in the firing rate of the sensory neurons
innervating the hair cells, thereby signaling the fish’s brain
about changes in acceleration or orientation. The utricle
contains a solid deposit, or otolith (“ear stone”), the lapil-
lus, which rests on a bed of sensory hair cells. The down-
ward pull of gravity on the lapillus triggers impulses from
the sensory cells and provides the fish with information
regarding its vertical orientation in the water. The utricle
works in coordination with the detection of light from
above the fish by the retina of the eyes and together they
help keep the fish upright in the water (the dorsal light
reflex). Goldfish with the utricle and semicircular canals
removed on one side initially lost their ability to orient
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vertically, although this was often regained after several
days (Ott & Platt 1988).

Hearing

Hearing in fishes is primarily the responsibility of the inner
ear, including the utricle of the pars superior and the saccule
and lagena of the pars inferior (see Fig. 6.3). Each chamber
contains an otolith (the lapillus, sagitta and astericus,
respectively) and is lined with patches of tissue composed
of sensory hair cells. An otolithic membrane provides a
mechanical linkage between the otolith and the cilia of the
sensory hair cells.

Most fish tissue is transparent to sound because its
density is similar to that of the water. Structures that are
significantly different in density, however, will vibrate dif-
ferently from the rest of the fish’s tissues and provide an
opportunity for sensory detection of sound. As sound vibra-
tions pass through a fish, the otoliths lag behind in their
vibration due to their greater density. The relative differ-
ence in vibration between the fish’s sensory hair cells and
the otoliths excites the sensory hair cells and triggers action
potentials in the sensory neurons of the auditory nerve
(Schellart & Wubbels 1998).

Aquatic environments are quite varied in the levels of
background sound, and not surprisingly hearing sensitivity
of fishes is well matched to their habitats. Fishes in noisy
habitats, such as coastlines and swift rivers and streams,
tend to have higher sound thresholds and narrower ranges

Supraoccipital

Supraneurals

Claustrum

Scaphium

Intercalarium

for sound detection than fishes in calmer, quieter habitats
such as small lakes and ponds with soft substrate bottoms
(Schellart & Wubbels 1998). Sound waves may cause gas
spaces in a fish, such as a gas bladder, to vibrate, thereby
providing an opportunity to enhance sound detection.
Fishes that are hearing specialists have mechanisms that
transmit gas bladder vibrations to the inner ear for detec-
tion by the otolith organs, whereas fishes without such a
connection, or that lack a gas bladder, are not as sensitive
to sound and are referred to as hearing generalists (Yan
2003). Hearing specialists include the cods (Gadidae),
which have a gas bladder close to the inner ear, and squir-
relfish (Holocentridae) and herring and sardines (Clupei-
dae) in which anterior extensions from the gas bladder
contact the inner ear (Akamatsu et al. 2003). African
mormyrids (Mormyridae), also know for sensitive hearing,
have separate otic gas bladders adjacent to the inner ear
that assist with sound detection (Yan & Curtsinger 2000).
And the saccule of the inner ear of gouramis (Anabantoidei)
protrudes into the upper part of the air-filled suprabranchial
chamber (used for air breathing), thereby significantly
enhancing the fishes’ hearing sensitivity (Yan 1998).

The largest group of hearing specialists is the otophysan
fishes, which dominate the fresh waters of the world (over
60% of all freshwater species). They have particularly acute
hearing and pitch discrimination due to the Weberian ossi-
cles, a series of small bones derived from modified verte-
brae that connect the anterior end of the gas bladder to the
inner ear (Fig. 6.4). These conduct sound vibrations in

Figure 6.4

A lateral view of the left side of the anterior portion
of the vertebral region of an otophysan fish
(Opsariichthys, Cyprinidae). The Weberian ossicles
(tripus, intercalarium, scaphium, claustrum)
transmit sound vibrations from the gas bladder to
the inner ear. The skull of the fish is to the left.
Adapted from Fink and Fink (1981).
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much the same manner as the middle ear ossicles of
mammals. Because of the Weberian ossicles and gas bladder,
the otophysans have the highest sensitivity and greatest
frequency range of hearing among fishes. Interference with
the Weberian ossicles of the otophysans, or deflation of the
gas bladder of any of the hearing specialist fishes, results in
decreased hearing sensitivity (Yan et al. 2000).

Much less is known about hearing in elasmobranchs
than in bony fishes. The basic structure of elasmobranch
inner ears is very similar to that of bony fishes, except that
sharks have a connection from a depression in the back of
their skulls to ducts in the semicircular canals that contain
the sensory area (Hueter et al. 2004). This connection,
called the fenstra ovalis, is presumed to enhance hearing
by directing sound to the sensory area (macula neglecta) of
the inner ear. Shark hearing is most sensitive at low fre-
quencies, including those below 10 Hz, which are undetect-
able by humans, but they may be no more sensitive than
many other fishes that are hearing generalists. Sharks are
most sensitive to pulsed sounds in this range, such as those
emitted by the erratic swimming of an injured fish, and can
localize such sounds at distances of up to 250 m (Myrberg
1978; Myrberg & Nelson 1991; see Chapter 12, Subclass
Elasmobranchii, Sensory physiology).

Sources of underwater sound

Apparently, natural selection pressures have driven the
evolution of various adaptations to enhance hearing among
fishes. So it must be important for some fishes to hear well
— but what do they hear that could be so important? One
source of sounds is predators. Cetaceans, such as dolphins,
emit sounds and use echolocation for orientation and to
locate prey. Although most marine fishes studied thus far
cannot detect sound frequencies above about 500 Hz,
at least some clupeids can detect considerably higher fre-
quencies. The ability of some clupeids to detect ultrasound
has been attributed to the anterior extensions of the gas
bladder that is characteristic of the group. However, not
all clupeids can detect ultrasound, and Higgs et al. (2004)
believe that modifications of the utricle seen in those clu-
peids that can detect ultrasound is responsible for this
ability. The American Shad (Alosa sapidissima), Alewife
(A. pseudoharengus), and Pacific Herring (Clupea pallasii)
can detect ultrasonic signals (up to 180 kHz in American
Shad), and may use this ability to avoid predatory ceta-
ceans trying to locate them using ultrasound (Plachta &
Popper 2003). Another clupeid, the Spotlined Sardine
(Sardinops melanostictus), can detect sounds of 1 kHz
(Akamatsu et al. 2003).

Another source of underwater sounds are fishes them-
selves — many of which create sounds for inter- and intraspe-
cific communication. Fishes can produce sounds using
several different mechanisms. Some catfishes (Siluriformes),
toadfishes (Batrachoididae), cods (Gadidae), and sea robins
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(Triglidae) use muscles to create sound from the gas bladder
(see Ladich & Yan 1998). Some catfishes rub together bones
of the pectoral girdle, whereas some cichlids and gouramis
(Anabantoidei) create sound by grinding together their pha-
ryngeal teeth. The croaking gouramis (Trichopsis) create
pulsed sounds by strumming tendons over elevations of fin
rays by rapidly beating their pectoral fins. The close prox-
imity of the anabantoid sonic organs to the suprabranchial
chamber, which is used for air breathing, suggests that this
air-filled chamber may enhance the resonance of the sound
produced. The close relationship between the frequencies
of vocalization and maximum hearing sensitivity also sug-
gests that these features coevolved (Ladich & Yan 1998).

Fishes detect ambient sounds from their environment,
and alter their behavior accordingly. Biological sound, such
as that produced by other fishes and invertebrates, attracts
larval reef fishes to preferentially settle in areas with sounds
that would indicate a suitable habitat (Montgomery et al.
2001b). Ambient noise may also impact the evolution of
hearing and sound production for communication. Males
of two species of freshwater gobies (Gobiidae) that inhabit
swift, rocky streams respond to and produce courtship
sounds at frequencies within a “quiet window” of ambient
noise around 100 Hz (Lugli et al. 2003). The hearing of
these fishes is most sensitive within this range, suggesting
that ambient sound may be a selective force in the evolution
of hearing and noise production.

The sensitivity of fishes, especially hearing specialists,
to sound makes them potentially vulnerable to human-
generated underwater noise. McCauley et al. (2003) showed
that high-intensity, low-frequency sound produced by air
guns used in marine petroleum exploration can cause severe
damage to the hair cells of fish inner epithelia. And even
less intense sound can result in loss of hearing sensitivity
in the otophysan Fathead Minnow (Pimephales notatus),
although the less sensitive hearing generalist Bluegill
(Lepomis macrochirus) was not significantly affected
(Scholik & Yan 2002). Prolonged exposure of Goldfish
(Carrasius auratus) to loud sound resulted in hearing loss
in this otophysan species (Smith et al. 2004).

Electroreception probably evolved over 500 million years
ago and has apparently been lost and secondarily evolved
in several different groups of aquatic vertebrates, including
most groups of non-teleost fishes and several orders of
teleosts (Collin & Whitehead 2004; Gibbs & Northcutt
2004). The receptor cells responsible for detecting electric-
ity are derived from the hair cells of the acousticolateralis
system, which is responsible for mechanoreception (von
der Emde 1998; Collin & Whitehead 2004). In a study of
lateral line development in larval sturgeon (Acipenseridae),
Gibbs and Northcutt (2004) suggested that the electrore-



Chapter 6 Sensory systems

Conductive gel

Covering
cell

Sensory neuron

Ampullary organ Tuberous organ
A B)

ceptive organs arise from the same embryonic precursors
as the neuromasts of the lateral line. There are two general
types of electroreceptor organs in fishes. Ampullary recep-
tors are located in recesses in the skin that are connected
to the surface by a canal filled with a conductive gel (Fig.
6.5A). They are sensitive to electric fields of low frequency
(<0.1 to 25 Hz) and are found in many groups of fishes.
Tuberous receptors are located in depressions of the epi-
dermis, are covered with loosely packed epithelial cells
(Fig. 6.5B), and detect higher frequency electric fields
(50 Hz to > 2 kHz). They are found in fishes that use elec-
tric organs to produce their own electric fields, and are
most sensitive to the frequencies produced by the fish’s own
electric organ.

Electroreceptors

Ampullary receptors

Ampullary receptors are much more widespread among
fishes, and have been identified in lampreys (Petromy-
zontiformes), sharks and their relatives (Chondrichthyes),
lungfishes (Ceratodontiformes), reedfishes (Polypteri-
formes), coelacanths (Coelacanthiformes), sturgeons and
paddlefishes (Chondrostei), and several orders of more
advanced bony fishes including the Osteoglossiformes,
Gymnotiformes, and Siluriformes (Collin & Whitehead
2004). These receptors typically are located in small pockets
in the skin at the end of a canal filled with an electrocon-
ductive gel made primarily of mucopolysaccharides and
water. They are particularly abundant among elasmo-
branchs, where they were first identified as the ampullae of
Lorenzini. Ampullary receptors are responsible for passive
electroreception — the detection of electric fields originating
from sources outside the fish receiving the signal.
Ampullary receptors respond to low-frequency electrical
stimuli, including those that are a result of the physical
environment and those of biological origin, such as muscle

eceptor cell

Supporting cell

Sensory neuron

Figure 6.5

Schematic diagram of the structure of ampullary (A) and
tuberous (B) electroreceptive organs. Both organs are
surrounded by layers of flattened cells that join tightly to one
another. This helps prevent current from bypassing the
organs. Tight junctions between the receptor cells and
supporting cells help focus incoming electric current through
the base of the receptor cells, where they synapse with
sensory neurons. Supporting cells in ampullary organs
produce a highly conductive gel that fills the canal linking
the sensory cells to the surrounding water. Adapted from
Heiligenberg (1993), drawing courtesy of H. A. Vischer.

contractions or electric potential differences across epithe-
lial membranes (von der Emde 1998). The sensory cells
are modified hair cells whose release of neurotransmitter
is modulated by the difference in membrane potentials
between the apical and basal membrane (Collin &
Whitehead 2004). The neurons to the brain constantly
generate nerve signals (action potentials) and the rate of
signals increases or decreases depending on external elec-
tric fields — so the system is extremely sensitive to any
electrical changes outside the fish (von der Emde 1998).
The rate of nerve signals may also change with temperature,
leading to speculation that the ampullary receptors may
also function as thermal receptors (Hueter et al. 2004).

Most fishes known to have ampullary receptors are
marine — many are elasmobranchs, a primarily marine
group. The higher ionic concentration of salt water makes
it a very good conductor of electricity, and the conductive
gel in the canal allows the voltage current to easily reach
the receptor cells across the rather thick, less-conductive
skin. Although fresh water does not conduct electricity as
well as salt water does, elasmobranchs found in fresh water,
such as the euryhaline Bull Shark (Carcharbinus leucas),
also have functional ampullary receptors. Ampullary recep-
tors also are known among exclusively freshwater fishes,
although they tend to have fewer receptor cells than marine
species have, and the receptor cells are closer to the surface
of the skin, making the canals shorter. Freshwater fishes
with ampullary receptors include sturgeons (Acipenseri-
dae), some of which are also marine or anadromous, and
the exclusively freshwater Eel-tailed Catfish (Plotosus
tandanu) of Australia, and Paddlefish (Polyodon spathula)
and Brown Bullhead (Ameiurus nebulosus) of North
America (Collin & Whitehead 2004).

One of the main uses of ampullary receptors is for prey
detection. Ampullae often are concentrated around the
head, and in some fishes they are especially abundant
around the snout and mouth (Collin & Whitehead 2004).
Sharks have many ampullae concentrated in the head,
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especially on the ventral side of the snout, and the broad
head of the Scalloped Hammerhead Shark (Sphyrna lewini)
may allow it to sample a wider area than sharks with nar-
rower snouts (Kajiura & Holland 2002). Kalmijn (1971)
showed that sharks could detect and would attack living
prey or electrodes emitting mild electrical signals, but
would ignore dead prey or live prey or electrodes that were
covered by a barrier that prevented the conduction of elec-
tric fields. A similar experiment with Australian Lungfish
(Neoceratodus forsteri) showed that they also use electrore-
ception to detect prey (Watt et al. 1999).

Whereas sharks tend to have ampullary organs concen-
trated around the head, skates and rays also have them on
the pectoral fins as well. The density of ampullary receptor
pores on the ventral surface of skates that feed on benthic
prey is higher than the density on the ventral surface of
skates that feed on more mobile prey, further supporting
the role of electroreception in prey detection (Collin &
Whitehead 2004). Skates that live in deeper water have
more and larger ampullae than those that live in shallower
areas, even within the same species, perhaps making the
deeper fish more sensitive to bioelectricity and permitting
them to detect prey from a greater distance (Raschi &
Adams 1988). The Eel-tailed Catfish has ampullary recep-
tors on much of the body, but they are most abundant on
the head (Whitehead et al. 2003). The electrosensory prey
detection capability of the Paddlefish of the Mississippi
River drainage of North America is among the best of all
freshwater fishes studied thus far. The elongated and flat-
tened rostrum of this fish contains many ampullary recep-
tors, and acts as an antenna permitting juvenile Paddlefish
to detect individual zooplankters from as far away as 9 cm
(Wilkens et al. 2002; Wilkens & Hofman 2007). This is
particularly helpful because Paddlefish often live in areas
with murky water and poor visibility. As the fish gets larger
and its gill rakers develop it becomes a nonselective filter
feeder, so detecting individual zooplankters may not be as
critical. However, larger fish begin filter feeding when live
plankton are nearby, suggesting that the electrosensory
capability may still help the fish detect and respond to the
presence of zooplankton (see Fig. 13.16).

Another use of passive electroreception is the detection
of potential predators. Embryonic Clearnose Skates (Raja
eglanteria) use their tails to move water through the egg
case for respiration, but the muscular activity also generates
electrical signals which could be detected by nearby preda-
tors. When the skates detect weak electrical stimuli from
another source, the tail movements stop (Sisneros et al.
1998). Similarly, newly hatched Small-spotted Catshark
(Scyliorbinus canicula) temporarily cease the ventilatory
activity of their gills when they detect electrical stimuli that
might represent a nearby predator (Peters & Evers 1985).

Ampullary receptors may also be important in social
interactions, such as the recognition and location of con-
specifics for mating. Male Round Stingray (Urobatus halleri)
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can locate females buried in the sand based on the weak
voltages produced by the female’s respiratory muscles
(Collin & Whitehead 2004). Peters et al. (2002) speculate
that the variability of the bioelectric field created by basic
physiological processes of the Brown Bullhead could
provide a means of communication with conspecifics.

There has been considerable speculation regarding the
role that electroreception may play in compass orientation
among sharks. Kalmijn (1982, 1984, 2003) proposed that
ampullary receptors may permit some sharks to detect elec-
tric fields that are the result of movement of the fish, or
water masses such as ocean currents, across the earth’s
magnetic field — thereby providing navigational cues for
compass orientation. Paulin (1995), however, hypothesized
that a shark turning its head while swimming could alter
electrosensory inputs created by the fish’s movement
enough that this, combined with sensory input from the
semicircular canals, provides sufficient information for the
fish to determine its direction. Klimley (1993) suggested
that the shark’s electrosensory organs, or some other yet-
to-be-identified sensory system, may allow the shark to
track the geomagnetic patterns created by the mineral
content of the ocean floor.

The sensitivity of ampullary receptors, and therefore
their specific purpose, may change during the life of a fish.
For example, the response properties of the ampullary
receptors of the Atlantic Stingray (Dasyatis sabina) changes
from being able to detect signals typical of large predators
while the fish is young to being better able to detect prey
and locate mates when the fish is older (Sisneros & Tricas
2002). A somewhat similar ontogenetic shift in sensitivity
occurs in the Clearnose Skate (Raja eglanteria), an electro-
genic species that utilizes electrical communication for
social and mating interactions (Sisneros et al. 1998). The
density of ampullary receptors may also change as the age
and the need for keen electroreceptive capability changes.
Juvenile Scalloped Hammerhead Shark feed in turbid water
with poor visibility, and have a very high density of ampul-
lary pores on their heads. As the fish grows, the head
broadens and the pores become more widely spaced — but
the fish also moves into more open water where visibility
is better (Collin & Whitehead 2004). Similar trends of
decreasing ampullary pore density with increasing age are
also seen in the Bonnethead (Sphyrna tiburo) and Sandbar
Shark (Carcharhinus plumbeus).

Tuberous receptors

Tuberous receptors are responsible for active electroloca-
tion — the detection of an electric field produced by the
fish’s own electric organs. Therefore, they are only found
in those teleosts that generate an electric organ discharge
(EOD), such as the mormyrids, gymnarchids, and mochokid
catfishes of Africa and the gymnotoids of South America.
Active electrolocation is limited to freshwater fishes, perhaps
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Figure 6.6

Dorsal view of an Eigenmannia and its electric field.
omv From Scheich and Bullock (1974).
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because sea water is such a good conductor that maintain-
ing a functional sensory field is too difficult.

Tuberous receptors are located in depressions of the
epidermis and are covered with loosely packed epithelial
cells, allowing electric current to flow between the cells (see
Fig. 6.5B). There are at least eight different types of tuber-
ous organs in different species, but they fall into two main
categories — those that encode timing of the EOD, and
those that encode stimulus amplitude (von der Emde 1998).
The fish’s EOD frequency causes the tuberous receptor cells
and their sensory neurons to generate a rather constant
background rate of nerve impulses. A fish can detect objects
moving into its electric field (Fig. 6.6) when those objects
cause a change in the field and alter the rate of impulses
received by the brain, such as when the fish encounters an
object with different conductance than the surrounding
water. This probably allows the fish to detect the size and
distance of the object, and may also permit discrimination
between living and nonliving objects because their different
electrical properties would create different distortions of
the electric field.

Active electroreception is used in a variety of ways.
Many electric fishes are primarily nocturnal and use their
electrosensory capabilities to locate hiding places during
the day and to explore their environment at night (von der
Ende 1998; Graff et al. 2004). Active electroreception also
can be used to locate prey and assist with navigation and
orientation, especially because the fish are most active
during periods of low or no light. But the most studied use
of active electroreception is in communication.

Electrical communication

Most fishes that produce electricity use it for communica-
tion. Signals are species specific and certain aspects of the
EOD, such as amplitude, frequency, and pulse length, can
be modified to exchange information about species, sex,
size, maturation state, location, distance, and probably
individual identification (von der Emde 1998; Collin &
Whitehead 2004).

Agonistic interactions involving frequency shifts play an
important role in dominance interactions in many electric
fishes. South American gymnotiform knifefishes have indi-
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vidual characteristic waveforms to their EODs. In Gymno-
tus carapo (Gymnotidae), rapid increases and decreases
in frequency indicate threat, whereas submissive indivi-
duals cease discharging (Black-Cleworth 1970). Within this
species, individuals with higher EOD frequencies are con-
sistently dominant. Male Eigenmannia virescens (Sternopy-
gidae) will mouth fight until a dominance hierarchy is
established, the ultimate dominant male assuming the
lowest discharge frequency. Females compete for spawning
territories, and dominant females have the highest fre-
quency (Hopkins 1972, 1974a, 1974b). In the genus Ster-
nopygus (Sternopygidae), mature males discharge at about
an octave below the discharge of mature females, which
is 120-240 Hz (Feng 1991). The Brown Ghost Knifefish
(Apteronotus leptorhynchus) also demonstrates a variety of
EODs that convey different meanings, including gender
and social status (Zakon et al. 2002).

The diverse mormyriform elephantfishes (Mormyridae)
of Africa use EODs for orientation, territorial interactions,
species recognition, individual recognition, courtship, and
to communicate social status (Carlson 2002; Terleph &
Moller 2003). Mormyrids receive information based both
on the waveform of the EOD and on intervals between
discharges. Variations in discharge interval of fractions of
a millisecond are detectable by the fish. EODs are again
both species and sex specific among different life history
stages. Males typically have a two to three times longer
pulse duration than females. Interactions include cessation
and frequency modulation of EODs (“bursts”, “buzzes”,
and “rasps”), echoing, and dueting. Males alternate their
outputs with other males, whereas females synchronize
their outputs with investigating males. A male can deter-
mine the sex of a conspecific by “listening” to the response
to his electric pulses. In direct analogy to gymnotiform
behavior, the mormyriform Gymmnarchus niloticus ceases
discharging just prior to an attack on a conspecific, uses
bursts of discharge pulses when aggressive, and modulates
its frequency by 1-30 Hz as a submissive gesture (Moller
1980; Hopkins 1986; Bleckmann 1993).

Agonistic interactions include interference with a con-
specific’s electroreception. In Gymnotus carapo, dominant
fish often shift their discharges to coincide with the short
interval when a subordinate would be analyzing its own
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output, which could impair the subordinate’s ability to
electrolocate. Such interference is overcome in gymnoti-
forms such as Eigenmannia by ajamming avoidance response
(JAR), in which fish shift their EOD frequencies when they
get near one another, thereby preventing interference with
one another’s ability to electrolocate. Fish in a social group
maintain a 10-15 Hz difference with their neighbors so that
each individual has a “personal” discharge frequency (see
Feng 1991). When several Eigenmannia were kept in sepa-
rate tanks and all the tanks were connected by electrical
wires, the fish shifted their frequencies to an average separa-
tion of 7 Hz (Fig. 6.7). The Brown Ghost Knifefish also
demonstrates a JAR (Zakon et al. 2002), and, in several
other species, fish in a social group have non-overlapping
frequencies (Bullock et al. 1972; Hagedorn 1986).

This discussion of electrical communication would be
incomplete without some consideration of the source of the
electrical signals — the electric organs. The electric-generat-
ing cells of electric organs are referred to as electrocytes,
and often are disklike modified muscle cells, called electro-
plaques. When stimulated, ion flux across the cell mem-
branes creates a small electric current, and because the cells
are arranged in a column and discharge simultaneously,
they produce an additive effect. A sizeable stack of cells can
produce a considerable current — like many small batteries
connected in series (Feng 1991). Although electrocytes
of most electric fishes are modified muscle cells, South
American electric fishes of the family Apteronotidae utilize
modified neurons (Zupanc 2002).

The generation and detection of weak electric fields is
particularly well developed in several groups of freshwater
tropical fishes living in murky waters with poor visibility,
such as the Gymnotiformes of South America and the
Mormyridae of Africa. The EOD of some species are brief
pulses released at irregular intervals, whereas other species
continuously produce oscillating, high-frequency waves of
electricity (Zakon et al. 2002). The resulting electric field
surrounds the fish (see Fig. 6.6) and any changes in the field
are detected by the fish’s tuberous organs. Bending the body
would distort the electric field, so these fishes typically rely
on their extensive dorsal or anal fins for propulsion so that
they can maintain a straight body posture.

The production of weak electric fields, as demonstrated
in the gymnotids and mormyrids, requires considerable
coordination by the central nervous system. In the South
American gymnotid Apteronotus, the electric organs are

controlled by pacemaker cells in the medulla, which are
regulated by input from two clusters of neurons elsewhere
in the brain (Zakon et al. 2002). The location and function
of the pacemaker neurons of the African mormyrids is
somewhat similar — a remarkable coincidence considering
the two groups are believed to have evolved their EOD
capabilities independently (Carlson 2002).

The African mochokid catfishes also are believed to
produce and detect weak electric fields for object detection
or communication (Hagedorn et al. 1990). The electric or-
gan is located dorsally on these catfishes and has apparently
evolved from one of the muscles associated with sound pro-
duction, which occurs by stridulation of the pectoral spines.

Electrical attack and defense

Although most electric fishes generate only mild electric
fields for communication and sensory purposes, others can
generate currents strong enough to stun prey or ward off
predators. The electric organs of an electric ray Torpedo
(Torpedinidae) have about 45 columns of electrocytes (700
per column). The columns are oriented dorsoventrally and
the current is released dorsally because the dorsal surface of
the organ and the overlying skin have lower resistance than
the surrounding tissues. Torpedo can generate a discharge
of 20-50 volts and several amps in sea water (Feng 1991),
and stun prey 15 cm away (see Chapter 12, Subclass Elas-
mobranchii). The Electric Eel Electrophorus (Electrophori-
dae), not a true eel but a close relative of the South American
knifefishes, can generate pulses of 400 volts, or 1 amp (see
Feng 1991) with its several electric organs, the largest of
which consists of about 1000 electrocytes. These organs are
embedded in the fish’s lateral musculature. The two electric
organs of the electric catfishes (Malapteruridae) are located
on either side of the body and each contains several million
electrocytes. These organs generate a current of about 300
volts. Other fishes that emit strong electric currents include
the stargazers (Astroscopus, Uranoscopidae), in which elec-
troplaques are derived from ocular muscles.

Water is a variable visual environment, in part because the
quality of light changes with depth. As depth increases,
light becomes dimmer due to absorption, and the color of
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light changes because absorption is not equal for all wave-
lengths. Light on the red-orange end of the spectrum
(>550 nm) is readily absorbed by water and therefore does
not penetrate far. Moderate wavelengths, such as yellow
and green, travel farther, and deep blue to violet light pen-
etrates farthest into deep water. Ultraviolet light, however,
does not penetrate far. It is not surprising, therefore, that
over 500 million years of natural selection has produced
numerous morphological and physiological adaptations
suited to capturing and detecting light that is characteristic
of the habitat in which a species lives.

The eyes of fishes are similar to those of other verte-
brates, including those of humans (Fig. 6.8). Light first
passes through a thin, transparent cornea and enters the
eye through the pupil. The diameter of the pupil is fixed
in teleosts and lampreys, but elasmobranchs have a muscu-
lar iris which controls its size and thereby regulates the
amount of light entering the eye. The pupils of most deep
water sharks are circular, whereas most other sharks have
slitlike pupils; most skates and rays have pupils that are
crescent-shaped (Hueter et al. 2004).

Light next passes through the lens, which is denser and
more spherical than the convex lens of terrestrial verte-
brates (Hawryshyn 1998), although the lenses of some elas-
mobranchs are somewhat elliptical. After light passes
through the lens, it travels through the liquid-filled center
of the eye before encountering the several layers of the
retina, which contains the photosensory cells. Fishes focus
on objects at different distances by moving the lens, thereby
adjusting the distance between the lens and the retina.

Light passes through three layers of nerve cells before
striking the photoreceptor cells in the retina’s outermost
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Figure 6.8

Cross-sectional view of the eye of a teleost. From
Hildebrand (1988).
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layer. Fishes may have two general types of sensory cells in
the retina, rods and cones. Rods are quite sensitive to low
light levels and provide low resolution. Crepuscular species
(those that are active at dawn and dusk) have high rod: cone
ratios, and many nocturnal and deepsea fishes have only
rods. In other fishes, photomechanical movement of melanin
in the retina exposes the rods in dim light and shields them
in bright light (Hawryshyn 1998).

Many fishes also have cones, which are less sensitive
than rods and therefore require brighter light. Cones
provide greater resolution, and cone: rod ratios are highest
in diurnal fishes, which rely more on vision. There are
several types of cones, each with a different photoreceptive
glycoprotein (opsin) that responds to different wavelengths
of light. Fishes may have only two or three of these types
of cones, depending on the light quality in the fish’s habitat
(see Guthrie & Muntz 1993; Hueter et al. 2004). Porphy-
ropsins are sensitive to yellow-red light, which has longer
wavelengths and attenuates relatively quickly in water.
Therefore, porphyropsins tend to be more common in
fishes living in shallow areas or closer to the surface. Rho-
dopsins are more sensitive to shorter wavelength, blue-
green light which penetrates further into the water, and are
therefore common in fishes inhabiting somewhat deeper
areas. Most elasmobranchs, for example, have rhodopsins,
but porphyropsins are rare in this group. Chrysopsins are
most sensitive to deep blue light, which penetrates furthest
into the water due to its short wavelength, and these are
found in deepsea fishes.

Some fishes also have photoreceptors sensitive to ultra-
violet (UV) light, which does not penetrate far into water.
Therefore, UV-sensitive fishes tend to inhabit relatively
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shallow areas. Sensitivity to violet and UV light is common
among coral reef fishes, and may be especially useful for
close-range communication because UV light attenuates
rapidly in water. Two-bar Damselfish (Dascyllus reticulatus)
have a UV-reflective patch on their dorsal fin that is used
as an alarm signal to conspecifics, but is not noticed by
predatory fishes because they cannot detect UV light (Losey
2003). Male damselfish of another species, Pomacentrus
amboinenesis, have UV-reflective patterns on their faces,
which are important in aggressive territorial interactions,
but are not visible to nearby predators (Siebeck 2004).
Some freshwater fishes also use UV communication for
attracting mates. Male Panuco Swordtail (Xiphophorus nig-
rensis) have UV-reflective markings that attract females but
that are not visible to the species’ main predator Astyanax
mexicanus (Cummings et al. 2003). UV vision can be useful
for prey capture as well. Juvenile Rainbow Trout (Onco-
rhynchus mykiss) rely on UV vision to see their zooplankton
prey (Daphnia), which appear transparent to humans (see
Warrant & Locket 2004). As the trout mature, they lose
their UV sensitivity as photoreceptors in the retina change
(Hawryshyn 1998), but their diet also changes.

Photoreceptors are not evenly distributed on the retina,
and may occur in distinct patches or bands with higher
densities. This has been noted in some elasmobranchs
(Hueter et al. 2004), but it is not yet fully understood how
this may affect a fish’s vision. The pattern of photorecep-
tors in the retina of the Striped Marlin (Tetrapturus audax)
suggests that the region of the retina receiving light from
above or in front of the fish provides greater acuity and
color recognition, whereas the region of the retina receiv-
ing light from below is better suited for detecting dim,
upwelling blue light (Fritsches et al. 2003). This arrange-
ment provides sharp color vision in brighter surface waters,
and also permits the detection of dimly lit objects below
the fish. The pattern of photoreceptors of the European
Smelt (Osmerus eperlanus) also seems suited for sharp prey
detection in front of the fish, and maximum sensitivity to
dim light, and perhaps predators, coming from below
(Reckel et al. 2003). The retinal structure of the burrowing,
deep water Rufus Snake Eel (Ophichthus rufus) suggests
three regions of high visual acuity that could help with
locating food and burrows (Bozzano 2003).

Fishes may show ontogenetic shifts in photoreceptors
that correlate with changes in habitat at different life stages.
We mentioned earlier the loss of UV-sensitive cones in
Rainbow Trout as they grow and shift diet. In another
example, juvenile Lemon Sharks (Negaprion brevirostris)
have porphyropsins, which are beneficial in shallow, turbid,
inshore habitats, but as the fish get older the pigments
change to rhodopsins, which are more useful as the fish
move to the deeper, clearer open ocean (see Hueter et al.
2004). Similar porphyropsin-rhodopsin shifts occur in
other fishes, including diadromous lampreys, salmon, and
eels, which change pigments as part of the endocrine-
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induced physiological changes needed to move from shallow
freshwater habitats into the much deeper open sea (see
Hawryshyn 1998). Yellowfin Tuna (Thunnus albacares) also
may show changes in expression of visual pigments as they
grow from planktivorous larvae to larger piscivores (Loew
et al. 2002).

Not only can fishes detect a wide range of light wave-
lengths, including UV, but some fishes, such as anchovies
(Engraulidae), cyprinids, salmonids (Salmonidae), and cich-
lids (Cichlidae), can detect polarized light. This probably
enhances the contrast of objects viewed underwater, per-
mitting a better view of predators, prey, and potential
mates, as well as providing directional information for
migrating fishes. The ability to detect polarization may be
most useful at dawn and dusk, when the percent polariza-
tion of light is highest (Hawryshyn 1992, 1998).

The choroid is a highly vascularized region between the
protective sclera and the photoreceptive retina. It may
contain a tapetum lucidum, a layer of reflective guanine
crystals that probably enhances visual sensitivity under low
light conditions by reflecting light not absorbed by the
retina back into the eye. The tapetum causes the reflective
shine in the eyes of sharks and many nocturnal fishes.
Tapeta lucida are found in the Australian Lungfish
(Neoceratodus), bichirs (Polypterus), most elasmobranchs,
the Holocephali, coelacanths, sturgeons, and some teleosts
(Bone & Moore 2008). In some sharks, such as those that
are active near the surface during the day, the tapetum can
be covered by dark pigment when light is abundant, and
only uncovered when needed under low light conditions
(Hueter et al. 2004). The tapeta of deepsea sharks remain
reflective all of the time.

The retina has among the highest oxygen demand of any
tissue in the body, and in most fishes a choroid gland main-
tains high oxygen levels in the retina. This U-shaped struc-
ture surrounds the optic nerve where it exits the eye. Blood
flowing to and from the choroid gland travels through a
rete mirabile (a countercurrent mechanism similar to that
of the gas bladder; see Chapter 5, Buoyancy regulation),
maintaining high oxygen levels in the gland and assuring
the retina of a plentiful oxygen supply. The choroid gland
receives oxygenated blood from the pseudobranch, a gill-
like structure on the inside surface of the operculum.
Removal of the pseudobranch in trout (Salmo) results in
decreased oxygen near the retina and a progressive loss of
visual pigment (Ballintijn et al. 1977). Antarctic fish with a
choroid rete have more oxygen in the eye and a better
optomotor response than a related species that lacks a
choroid rete (Herbert et al. 2003).

The outer layer of the eye (the sclera) is reinforced to
protect the eye’s delicate internal structures. The sclera of
agnathans is fibrous and firm, chondrichthyans have carti-
laginous plates in their sclera, and teleosts frequently
possess sclerotic bones. These are well developed in the
mackerels and tunas (Scombridae) and particularly in the
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billfishes (Istiophoridae and Xiphiidae), which have a bony
stalk extending part way back along the path of the optic
nerve to the brain.

Visual adaptations for
special habitats

Fishes that live at the water’s surface, or that occasionally
find themselves totally out of the water, must be able to see
in the air. The eyes of mudskippers (Periopthalmidae) are
well adapted for aerial vision. A strongly curved cornea and
slightly flattened lens permit focusing out of water (Brett
1957). This structural adaptation, along with the location
of the eyes on retractable stalks on the top of the head,
allows these fishes to forage on tidal flats and exposed
mangrove roots of the swamps in which they live. The eyes
of the surface-dwelling South American “four-eyed fishes”
(Anableps, Anablepidae), are adapted to permit simultane-
ous vision above and below the water (see Brett 1957).
Each eye has two pupils (one above and one below the
surface of the water), an oblong lens, and a retina that is
divided into dorsal and ventral sections. Light entering
from above the water’s surface enters the upper pupil,
travels through the short axis of the oblong lens, and
focuses on the ventral retina. Conversely, light from below
the surface enters the lower pupil, travels the long axis of
the lens, and is focused on the dorsal retina.

The deep sea is an optically challenging environment —
the only light is either dim blue light from above or point
sources of bioluminescence. Deepsea fishes demonstrate a
variety of adaptations that help to optimize vision in these
vast areas with little light. The mesopelagic zone (approxi-
mately 150-1000 m) has light filtering down from the
surface, which diminishes with depth, as well as sources of
bioluminescence, so we see great variation in eye designs
in fishes of this zone. Adaptations include changes in the
size, shape, and orientation of the eyes, as well as changes
in visual pigments, in order to maximize the capture and
detection of the wavelengths of light reaching these depths
(see Chapter 18, The deep sea).

Even faint deep blue light from the surface does not
reach the bathypelagic zone (>1000 m), where the only
light is from bioluminescence. In this zone, small eyes seem
to be the answer for a couple of reasons. Small eyes are
well suited for detecting point sources of light that are
nearby, and therefore within range of bathypelagic fishes,
which are weak swimmers due to their watery muscles. In
addition, eyes are energetically quite expensive to maintain,
and meals in the bathypelagic zone are few and far between
—so small eyes are less of a drain on the fish’s overall energy
budget.

Some fishes lack functional eyes as a result of degenera-
tive evolution in perpetually dark habitats. The lack of eyes
in hagfishes (Myxinidae) is likely a degenerative condition,

like the loss of functional eyes among some populations of
cave-dwelling fishes (Hawryshyn 1998; see also Chapter
18). Although some cave fishes lack a cornea, lens, and iris,
they still may possess the genes that code for the opsins
needed to detect light (Parry et al. 2003).

The aquatic environment is filled with a wide variety of
chemical signals because so many chemicals dissolve in
water. Therefore, fishes can learn a great deal about their
environment through chemoreception, which often is used
for finding and identifying food, locating habitat, detecting
and avoiding predators, and communicating with conspe-
cifics. The sense of smell (olfaction) helps fishes detect a
broad range of chemical stimuli, whereas the sense of taste
(gustation) is primarily focused on food recognition
(Sorensen & Caprio 1998).

Smell

The organs of smell in fishes are contained within olfac-
tory chambers (Sorensen & Caprio 1998). Jawed fishes
have paired olfactory chambers, each of which has an
incurrent and excurrent nostril. Cilia within the chambers
move water into and out of the nostrils, which usually are
small pits separated by a flap of skin, but may be tubular
in some fishes such as the Bowfin (Amiidae) and eels
(Anguillidae). Hagfishes and lampreys have only a single
naris and a median olfactory sac nostril. In hagfishes a
nasohypophyseal duct connects with the pharynx so that
hagfishes can smell water as it moves to the gills. In lam-
preys, however, the lone medial nostril leads to an olfac-
tory chamber in a dead-end nasopharyngeal pouch. In
teleosts the olfactory chambers also are dead-end sacs that
do not lead to the pharynx, except in a few cases such as
stargazers (Uranoscopidae). The nares of elasmobranchs
are located ventrally on the snout and also are not con-
nected to the pharynx. Chimaeras (Holocephali) and lung-
fishes (Ceratodontiformes) have paired nares that connect
to the oral cavity.

Each olfactory sac is lined with a highly folded olfactory
epithelium, often arranged in rosettes (Fig. 6.9). Molecules
of odorants bind to receptor proteins on membranes of the
receptor cells in the sensory epithelium. The receptors cells
then send nerve impulses to the brain (Hara 1993). Struc-
ture of the rosettes and olfactory sacs is related to the
olfactory sensitivity of a fish. The more extensive the lamel-
lar folding, the greater the surface area available for sensory
cells and the more sensitive the sense of smell. Freshwater
eels (Anguilla) are known for their extremely keen sense of
smell and have from 69 to 93 folds in each rosette. Perch
(Perca), with less sensitive olfactory capabilities, have 13-18
folds in each rosette.
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Olfactory epithelium

Figure 6.9

(A) External view of the nares of a fish. (B) The obvious flap of skin directs
water across the sensory epithelium. Adapted from Lagler et al. (1977).

Fishes are extremely sensitive to certain types of chemi-
cals. Amino acids, particularly those of fairly simple struc-
ture and with certain attached groups, are detectable by
many fishes at concentrations of around 107'° mol/L (see
Hara 1993). Other compounds that are detectable by
some fishes at very low concentrations include bile acids
(10° mol/L), salmon gonadotropin-releasing hormone
(1075 mol/L), and some sex steroids (1072 mol/L). This
ability to detect such small concentrations of certain chemi-
cals makes olfaction valuable in homing in salmon (Stewart
et al. 2004; see Chapter 23, Mechanisms of migration), and
in habitat location for some other fishes.

Sea Lamprey (Petromyzon marinus) also are anadro-
mous, and although they do not return to their home
streams, they rely on olfaction to identify a suitable spawn-
ing stream. A chemical signal released by juveniles (ammo-
coetes) provides a signal to adults that the stream apparently
provides a suitable spawning and nursery habitat, and sexu-
ally mature males release another pheromone that attracts
mature females (Wagner et al. 2006). This knowledge is
being used to try to control Sea Lamprey, which parasitize
larger fish, by diverting them during their spawning migra-
tion (see Chapter 13, Petromyzontiforms).

Juvenile eels in New Zealand may use odor to locate
suitable habitats as they migrate upstream after hatching at
sea. Glass eels of both the Longfin Eel (Anguilla dieffen-

Partll Form, function, and ontogeny

bachii) and Shortfin Eel (A. australis) preferred water from
their river of capture over well water, and the Shortfin Eels
preferred water from lowland streams, where they tend to
occur, over water from the mainstream of a river (McCleave
& Jellyman 2002).

Olfactory cues also can be used to locate mates, and
some fishes exhibit different olfactory sensitivities between
sexes. In deepsea ceratioid anglerfishes, males have enlarged
olfactory organs, olfactory nerves, and olfactory lobes in
the brain, whereas these features are much smaller among
females. In these species, females, which are much larger,
are thought to release species-specific pheromones that the
smaller, more mobile males use to locate them. Males then
attach themselves to the females and spend the rest of their
lives as parasitic sperm factories (see Chapter 18, The deep
sea). Gilthead Seabream (Sparus aurata) are sensitive to the
excreted body fluids of sexually mature conspecifics
(Hubbard et al. 2003), and male Brown Trout (Salmo
trutta) and Lake Whitefish (Coregonus clupeaformis) both
show courtship behavior when exposed to a prostaglandin
released by females ready to spawn (Laberge & Hara 2003).

Olfaction may also be used to detect and avoid preda-
tors. Juvenile Lemon Sharks (Negaprion brevirostris) react
to the odor of organic compounds produced by American
crocodiles (Crocodylus acutus) that prey on small sharks
where they co-occur (Hueter et al. 2004). Many fishes
respond to chemical alarm cues released from injured con-
specifics, or other prey species with which they occur
(Brown 2003). The alarm substance, or a metabolite of it,
also is present in the feces of predatory species and would
therefore also be present in the water nearby. This allows
potential prey to inspect predators and assess their poten-
tial threat (see Chapter 20, Shoaling and search).

Chemical contaminants can interfere with olfaction and
thereby disrupt important interspecific communication. For
example, cadmium accumulates on the olfactory epithelium
of Rainbow Trout (Oncorbynchus mykiss) and affects fish
social behavior, including blocking their ability to detect
alarm substance (Scott et al. 2003; Sloman et al. 2003).

Taste

The sense of taste is used primarily for food recognition.
The chemosensory cells responsible for taste are located in
and around the mouth, including barbels and lips, and may
also be found on the fins and trunk (Sorensen & Caprio
1998). Taste receptor cells are often clustered into taste
buds, which can contain 30-100 sensory cells, or they may
occur individually on parts of some fishes. These solitary
chemosensory cells can be numerous, with up to 4000
per mm? in some minnows (Cyprinidae). Sensory neurons
synapse with the sensory cells at their basal surface, and
when stimulus molecules bind to receptors on the sensory
cells, neurotransmitters are released that affect the genera-
tion of action potentials by the sensory neuron that carries
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the signals to the gustatory centers of the brain (Sorensen
& Caprio 1998). Toxins, amino acids, and bile salts can
stimulate taste receptors at sensitivity thresholds similar to
those of olfactory receptors (see Hara 1993).

As mentioned earlier, some fishes, such as elasmobranchs,
may have such a sensitive electroreceptive ability that
they can detect the weak electric fields they create as
they move through the earth’s magnetic field. This
ability would provide these fishes with an indirect way
of sensing the earth’s magnetic field and give them direc-
tional information with respect to compass headings.
Round Stingrays (Urobatis halleri) in the lab learned to
orient in induced magnetic fields; the rays switched the
location in which they searched for food when the electric
field around them was artificially reversed, suggesting
that geomagnetic cues might be used in daily activities
(Kalmijn 1978).

Some fishes, however, may be able to detect magnetic
fields directly. Several species of salmon and trout, eels,
Yellowfin Tuna, and sharks and rays can detect magnetic
fields (see Formicki et al. 2004), and magnetite has been
extracted from the heads of Yellowfin Tuna, Chinook
Salmon (Oncorhynchus tshawytscha), and Chum Salmon
(O. keta) (Walker et al. 1984; Kirschvink et al. 1985; Ogura
et al. 1992). The Japanese Eel (Anguilla japonica) can be
conditioned to respond to magnetic fields that are similar
in magnitude to that of the earth (Nishi et al. 2004), and

Sensory systems convert stimuli from a fish’s
environment into biological signals (nerve impulses)
that can be integrated, interpreted, and acted upon.

Fishes can detect and respond to noxious stimuli,

but we do not know enough about the mental
processing of these stimuli or the functioning of

fish brains to conclude whether or not fishes can
experience something similar to what humans would
describe as “pain”.

Disturbances in the water are sensed by neuromasts,
clusters of sensory hair cells and supporting cells
covered by a gelatinous cupula. Neuromasts may be
free-standing in a fish’s skin or located in canals
beneath the scales along the trunk (the lateral line) or

larval Brown Trout (Salmo trutta) also responded to mag-
netic fields (Formicki et al. 2004). The ability to discrimi-
nate among different field strengths and inclinations and to
orient to the directional polarity of the earth’s magnetic
field would aid in magnetic compass orientation and
navigation.

The mechanism for direct sensing of magnetic fields
remains a mystery. Walker et al. (1997) found crystalline
material that they believed to be magnetite within the folds
of the olfactory epithelium of Rainbow Trout, and nerve
tracts run from these cells to the brain. These observations
led Walker et al. to propose that Rainbow Trout have mag-
netoreceptive cells in their olfactory capsule. Others,
however, have proposed that magnetoreception may be
related to the other mechanoreceptive sensory systems such
as the inner ear and the lateral line system. Harada et al.
(2001) studied the chemical composition of the otoliths of
several birds and fishes and found significant levels of iron
in the lagena of some species. They speculated that, although
the two largest otolith organs, the saccule and utricle,
responded to movement, the small size and higher iron
content of the lagenal otoliths makes this a potential site
for geomagnetic sensing. More research is needed to locate
the organs of magnetoreception in fishes. Among the chal-
lenges is that magnetic fields can pass through animal
tissues, so magnetoreception could take place anywhere in
the body. Therefore, receptor cells and their neurons would
not have to be concentrated in a particular location — they
could be widely dispersed throughout the body. In addition,
magnetite particles would be extremely rare and small,
making them difficult to identify.

in the dermal bones of the head. Small pores allow
vibrations from the surrounding water to enter these
canals.

Equilibrium, balance, and hearing are
mechanoreceptive senses primarily located in various
chambers of a fish’s inner ear. The relative movement
of fluid (endolymph) or solid deposits (otoliths)
stimulates sensory hair cells, which generate signals
that are subsequently carried to the brain by sensory
nerves. Hearing in some fishes is enhanced by the
transmission of vibrations from the gas bladder to the
inner ear via anterior extensions of the gas bladder or
a chain of small bones known as the Weberian
ossicles.

89



90

Two general types of receptors are used by fishes to
detect electricity in their environment. Ampullary
receptors can detect the weak electricity generated by
living prey organisms. Some teleosts possess
specialized organs capable of generating an electric
field which is subsequently received by tuberous
receptors. These fishes utilize this sensory system to
gather information about their environment and to
communicate with conspecifics.

Fish eyes are structurally quite similar to those of
terrestrial vertebrates, except that the lens is more
spherical. The retinas of fishes contain rods, for vision
in dim light, and cones, for color vision and vision in
bright light. Different cones respond to light of different
wavelengths of the spectrum visible to humans, and
some fishes have cones capable of detecting
ultraviolet light. Some fishes also can detect polarized
light, thereby enhancing underwater vision and
perhaps providing directional cues for migration.
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Fishes rely a great deal on their chemical senses,
smell and taste. The organs of smell are located in
blind nasal sacs and are open to the surrounding
water via nostrils. Some fishes can detect very low
concentrations of odorant molecules, on the order of
107" to 107" mol/L. Taste receptors are located in the
mouth and pharynx, and some fishes have taste buds
on their gill rakers, gill arches, and externally on
barbels, fins, or elsewhere on the body.

Some fishes can detect magnetic fields, thus providing
valuable orientation information during migration.
Sensitive electroreceptors may enable some fishes to
detect the electricity generated by their own movement
through the earth’s magnetic field, hence providing an
indirect means of magnetic reception. Other fishes,
however, have demonstrated direct magnetic sensory
abilities, and biologically produced magnetic particles
have been found in regions of their skull believed to
be the site of this sense.
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n this chapter we explore those processes that maintain

internal equilibrium, or homeostasis, thereby allowing
other physiological systems to function properly. Specifi-
cally, we will investigate: (i) the roles of the endocrine
system and the autonomic nervous system in controlling
various physiological responses; (ii) the importance of body
temperature and thermal relationships between fishes and
their environments; (iii) the mechanisms involved in main-
taining water, solute, and pH balance; (iv) how fish immune
systems defend the body against invasion; and (v) how
various forms of physiological stress can compromise a
fish’s ability to maintain an internal steady state.

The nervous and endocrine systems maintain communica-
tion among the various tissues in the body and regulate
many physiological functions. Neural circuitry and the
speed of action potentials make the nervous system com-
paratively direct and fast-acting, whereas the endocrine
system is better suited for long-term regulation of physio-

logical processes because its tissues release chemical signals
(hormones) into the blood. These hormones travel through-
out the body, but only affect those cells with the proper
molecular receptors.

The nervous and endocrine systems overlap considera-
bly — particularly in the control of various endocrine tissues
by the brain. As endocrinological research on fishes and
other animals advances, it has often proven difficult to dis-
tinguish separate roles for these two regulatory systems.

Ongoing research has rapidly expanded knowledge of the
endocrine systems of fishes, and it is not surprising that
there is great diversity in the hormones and their functions
among various groups of fishes. Therefore, it is not possible
given the space available to provide a complete synopsis of
fish endocrine tissues, their hormones, and their effects.
Instead, we will provide a brief summary of some of the
hormones important to homeostasis, but will not address
the many other physiological functions of hormones in
fishes.

Many endocrine functions are ultimately controlled by
the hypothalamus of the brain regulating the many func-
tions of the pituitary which, in turn, helps regulate many
other endocrine tissues in the body. The pituitary has
two main functional regions. The posterior pituitary, or
neurohypophysis, is continuous with the hypothalamus and
consists primarily of the axons and terminals of neurons
that originate in the hypothalamus. The anterior pituitary,
or adenophypophysis, lies in contact with the posterior
pituitary, and in the actinopterygians the tissues fuse. The
hypothalamus controls the anterior pituitary by releasing
hormones delivered via blood vessels in some fishes, such
as chondrichthyans, or by direct innervation as seen in
some actinopterygians. Some fishes also have an inter-
mediate lobe of the anterior pituitary, and elasmobranches
have a ventral lobe below the anterior pituitary (Takei &
Loretz 2006).
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The posterior pituitary is primarily the storage and
release site of chemical messengers of the hypothalamus.
Neuroendocrine cells (neurons that function as endocrine
cells) begin in the hypothalamus and extend into the neu-
rohypophysis where they release their chemicals, some of
which are hormones that are released into blood vessels
and trigger effects elsewhere in the body. Vasopressin (also
called arginine vasotocin), for example, plays an important
role in osmoregulation (Takei & Loretz 2006). Other
chemicals released by the posterior pituitary regulate the
function of cells of the adjacent anterior pituitary and inter-
mediate lobe, and are sometimes referred to as releasing
factors or releasing hormones. Some of these diffuse to the
intended target cells in immediately adjacent sections of the
pituitary, whereas others travel the short distance to their
target cells via blood vessels.

The anterior pituitary, largely under the control of the
hypothalamus, manufactures and releases hormones that
control many physiological functions elsewhere in the body,
including many other endocrine tissues. For example, the
anterior pituitary releases adrenocorticotropic hormone
(ACTH), which influences the production and release of
cortisol from the interrenal tissue, and thyroid-stimulating
hormone (TSH), which stimulates the thyroid gland to
release thyroxin, gonadotropins (which stimulate the
gonads), and growth hormone (GH) which affects various
tissues throughout the body (Takei & Loretz 2006).

Fishes are the only jawed vertebrates known to possess
a caudal neurosecretory system. Located at the caudal end
of the spinal cord, this region of neuroendocrine cells, the
urophysis, is most highly developed in the ray-finned fishes
and produces urotensins that help control smooth muscle
contraction, osmoregulation, and the release of pituitary
hormones (Takei & Loretz 2006).

The thyroid tissue of most fishes is scattered as small
clusters of cells in the connective tissue of the throat region,
as opposed to the rather discrete gland found in tetrapods.
When stimulated by TSH from the anterior pituitary, these
cells produce thyroxin, which plays an important role in
growth, development, and metabolism in many fishes.
Thyroxin is quite important in development, including
the sometimes extreme morphological and physiological
changes associated with metamorphosis — such as the trans-
formation of flounder from larvae with an eye on each side
of the head to flatfish with both eyes on one side of the
head. It also initiates seaward migratory behavior and the
accompanying osmoregulatory adaptations of juvenile sal-
monids during their seaward spawning migration (Takei &
Loretz 2006; see Chapter 10, Complex transitions: smolti-
fication in salmon, metamorphosis in flatfish).

Maintaining proper calcium balance, including regulat-
ing calcium uptake at the gills, involves several hormones,
including stanniocalcin from the corpuscles of Stannius
embedded in the kidney, calcitonin produced by the ulti-
mobranchial bodies in the back of the pharynx, and prol-
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actin and somatolactin from the anterior pituitary (Takei
& Loretz 2006).

The interrenal tissues of fishes are homologous with the
distinct adrenal glands of the tetrapods, but are somewhat
scattered in their location. The interrenal consists of two
different types of cells, each of which produces different
hormones. The chromaffin cells are located in the wall of
the posterior cardinal vein in the pronephros of agnathans,
along the dorsal side of the kidney in elasmobranchs, and
in the anterior, or head, kidney of teleosts. Chromaffin cells
produce and release the catecholamines epinephrine (adren-
aline) and norepinephrine (noradrenaline) (Takei & Loretz
2006). The catecholamines maintain or enhance the deliv-
ery of oxygen to body tissues by increasing gill ventilation
rates and blood flow, and increasing oxygen transport capa-
bility by increasing the release of red blood cells from the
spleen and increasing the intracellular pH of red blood cells
(Hazon & Balment 1998). This increased blood flow to the
gills may lead to increased ion exchange, which may explain
why stressed fishes can experience significant osmoregula-
tory imbalances (discussed later in this chapter).

The second group of interrenal cells is that of the steroid-
producing cells, located primarily in the pronephric or head
kidney region. These manufacture and release corticoster-
oids, including cortisol, which is important in energy
metabolism and maintaining electrolyte and water balance
(Takei & Loretz 2006). Many other hormones also are
involved in osmoregulation. For example, prolactin from
the anterior pituitary, along with cortisol, is important in
freshwater adaptation. Seawater adaptation involves corti-
sol, GH from the anterior pituitary, vasopressin from the
posterior pituitary, urotensins from the urophysis, atrial
natriuretic peptide from the heart, and probably others
(Takei & Loretz 2006).

Glucose metabolism is influenced by insulin, glucagon,
and somatostatin from cells within the pancreas. Insulin
enhances the transport of glucose out of the blood, pro-
motes glucose uptake by liver and muscle cells, and stimu-
lates the incorporation of amino acids into tissue proteins.
Glucagon and related glucagon-like proteins seem to func-
tion in opposition to insulin, promoting the breakdown of
glycogen and lipids in the liver and increasing blood glucose
levels. Somatostatin also helps elevate blood glucose levels
by promoting metabolism of glycogen and lipids, and by
inhibiting the release of insulin (Takei & Loretz 2006).

Melatonin, produced by the pineal gland (near the top
of the brain) and the retina of the eye, is secreted during
the dark phase of daily light—dark cycles and helps regulate
fish responses to daily and annual cycles of daylight. This
hormone influences many physiological processes and
behaviors through its role in the maintenance of circadian
activity cycles (see Chapter 23, Circadian rhythms), daily
changes in temperature preference, and changes in growth
and coloration associated with changes in photoperiod and
temperature (Takei & Loretz 2006).
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Box 7.1

Endocrine disrupting compounds (EDCs) include a growing
list of industrial chemicals, pharmaceuticals, and natural
and synthetic hormones found in industrial effluent, agricul-
tural and municipal runoff, and waste water from municipal
sewage treatment facilities. The list includes, but is not
limited to, pesticides (e.g., aldrin, atrazine, chlordane, DDT,
mirex, toxaphene), phthalates (found in cosmetics, plasti-
cizers, adhesives, insecticides, printing inks, safety glass),
and organohalogens (e.g., furans, polychlorinated biphe-
nyls, dioxins). These chemicals make their way into surface
waters, accumulate in fishes, and, because of their struc-
tural similarity with fish hormones, can interfere with hormo-
nally controlled physiological processes, even if present
only in very small concentrations in the water.

The effects of these chemicals can include altering
levels of sex hormones, interfering with intracellular hormone
receptors, altering secondary sex characteristics, altering
gonad size and condition, creating intersex individuals
(gonads contain both testicular and ovarian tissue), altering
age or size of maturity, and affecting hatching success or
incubation time. Some of the specific effects that have been
noticed include the masculinization of female mosquitofish
(Poeciliidae) exposed to effluent from pulp and paper mills
(Bortone & Davis 1994) (Fig. 7.1), noticeable changes in
levels of androgens, estradiol, and vitellogenin in carp
(Cyprinidae) found in some contaminated areas, and
altered reproductive behavior in Goldfish (Cyprinidae) and
guppies (Poeciliidae; see Greeley 2002). The introduction
of 17a-ethynylestradiol (EE2), a synthetic estrogen used in
birth control pills and often found in wastewater effluent, to
an experimental lake in Ontario interfered with the sexual
development of Fathead Minnow (Cyprinidae), including
inducing the development of intersex males, and resulted
in the collapse of the population within 2 years (Kidd et al.
2007). Exposure to wastewater treatment effluent with EE2
for just 21 days altered the sexual development of Fathead
Minnow in laboratory studies (Filby et al. 2007). The occur-
rence of intersex Roach (Cyprinidae) in rivers in the United
Kingdom correlated with predicted levels of estrogenic
compounds from sewage effluent (Jobling et al. 2006).

Intersex Smallmouth Bass (Centrarchidae) were reported to
have been found in the Potomac River (Fahrenthold 2004),
and intersex Smallmouth Bass and Largemouth Bass were
found in the Colorado River and its tributaries (Hinck et al.
2007). It seems that we only need to look in order to find
additional examples of the effects of endocrine disruption
in fishes and a wide variety of other animals, including
some suggestions of effects on humans (see, for example,
the April 2006 supplement 1 of volume 114 of the journal
Environmental Health Perspectives).

Figure 7.1

(A) The anal fin of a normal male Gambusia is elongated to form the
gonopodium (arrowed), an intromittent organ used to inseminate
females. (B) In normal females, the anal fin is fan-shaped. (C) A
masculinized female exposed to pulp mill effluent, in which the anal fin
has developed into a gonopodium.
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As briefly summarized in the preceding paragraphs, the
endocrine system regulates most physiological systems asso-
ciated with maintaining homeostasis. Hormones also can
have a large impact on other aspects of fish biology, includ-
ing sexual development and reproductive behavior, which
ultimately impact the stability of fish populations and
aquatic communities. This is one reason that there has been
a growing concern over human-generated endocrine dis-
rupting compounds and their effects on development and
fish population stability (Box 7.1).

The autonomic nervous system

Involuntary physiological functions, such as control of
internal organ function, are at least in part controlled by
the autonomic nervous system or ANS. Neural signals
from the central nervous system (brain and spinal cord)
travel to ganglia of the ANS that are located either along
the spinal cord or near or within the target organs. Signals
then travel from these ganglia to the target tissues. The
ANS is poorly developed in agnathans, better developed in
elasmobranchs, and well developed in the bony fishes
(Donald 2006). The ANS often works together with the
endocrine system to control involuntary physiological func-
tions such as heart rate, blood pressure, blood flow through
the gills, and many functions of the gastrointestinal system
that are important to digestion and nutrition. The ANS also
controls gas bladder volume, and therefore fish buoyancy,
by regulating the absorption and secretion of gases and
blood flow to various parts of the gas bladder (see Chapter
5, Buoyancy regulation, for a discussion of gas bladder
function). The dispersion and aggregation of pigment in
melanophores is also partly controlled by the ANS, along
with melanophore-stimulating hormone from the anterior
pituitary.

The view that many people have of fishes as “cold-blooded”
is not accurate. Most fishes are about the same temperature
as the surrounding water, which may be cold or warm
depending on the habitat. That temperature can change,
but usually any change is slow due to the thermal stability
of water. Animals that rely primarily on external heat
sources are referred to as ectotherms, and include most
invertebrates, fishes, amphibians, and reptiles. Animals
that generate their own heat and generally maintain stable
body temperatures, such as birds and mammals, are
endotherms.

Most fishes are ectothermic because they lack any mech-
anism for heat production and retention. In addition, when
blood flows through the gills it becomes the same tem-
perature as the surrounding water due to the thin gill
membranes, before then flowing to the rest of the fish’s
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body. There are, however, interesting exceptions of heat
production or conservation in some fishes, a condition
often referred to as either heterothermy or regional
endothermy.

Coping with
temperature fluctuation

Most fishes are ectothermic, so their body temperature
reflects that of the surrounding environment. Fishes that
experience changing environmental temperatures, such as
those characteristic of diel or seasonal changes, have several
cellular and subcellular mechanisms for adapting to the new
set of conditions. Many physiological adjustments are the
result of switching on or off genes that are responsible for
the manufacture of particular proteins. For example, acute
heat stress initiates the synthesis of stress proteins, also
known as heat shock proteins or HSPs, which maintain the
structural integrity of proteins that otherwise would become
denatured at higher temperatures, thereby allowing them
to function biochemically.

To compensate for the decreased rate of biochemical
reactions at low temperatures, fishes may increase the
concentration of intracellular enzymes by altering the rate
of enzyme synthesis, degradation, or both. Increased cyto-
chrome ¢ concentration in Green Sunfish (Centrarchidae)
that were moved from 25 to 5°C is due to a greater reduc-
tion in the degradation rate than in the rate of synthesis
(Sidell 1977).

In some fishes alternative enzymes (termed isozymes)
may be produced to catalyze the same reaction more effi-
ciently at different temperatures. Isozymes are regulated
by switching on or off the different genes that control
their production. Rainbow Trout (Salmonidae) acclimated
to 2 versus 18°C exhibit different forms of acetylcholine-
sterase, an enzyme important to proper nerve function
because it breaks down the neurotransmitter acetylcholine
(Hochachka & Somero 1984). The ability of Longjaw
Mudsuckers (Gobiidae) to tolerate rather wide ranges of
temperature is probably due to the fish’s ability to regulate
the ratio of isozymes of cytosolic malate dehydrogenase,
an important enzyme in the Kreb’s cycle (Lin & Somero
1995).

Polyploid species have extra sets of chromosomes (see
Chapter 17, Polyploidization and evolution), and may have
a better capacity to cope with a wide range of temperatures;
perhaps the multiple copies of genes provide more oppor-
tunities for evolution to bring about changes in alleles that
may prove to be beneficial. For example, among cyprinids,
Goldfish and Common Carp are both polyploid and can
tolerate a wide range of temperatures, and the polyploid
Barbel can acclimate better to different temperatures than
can the diploid Tinfoil Barb (O’Steen & Bennett 2003).

Laboratory acclimation studies, in which a single varia-
ble such as temperature is altered while other factors are
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controlled and remain constant, can be helpful in under-
standing how fishes respond to a change in a single variable.
However, in their natural habitats, fishes usually acclimatize
to simultaneous changes in several variables, such as tem-
perature, photoperiod, and perhaps reproductive condition
as seasons change. The absence of natural seasonal cues,
such as changing photoperiod, may cause an artificially
acclimated fish to respond somewhat differently than one
that has been naturally acclimatized. For example, labo-
ratory acclimated fishes typically have higher metabolic
rates at higher temperatures (see Chapter 5, Metabolic
rate), yet seasonal reproductive cycles cause naturally
acclimatized sunfish (Centrarchidae) to have higher meta-
bolic rates in spring than in summer (Roberts 1964; Burns
1975). Other studies also have shown seasonal changes
in metabolic rate that were independent of temperature
in trout (Salmonidae; Dickson & Kramer 1971), two
minnows (Cyprinidae; Facey & Grossman 1990), sunfish
(Evans 1984), and sculpin (Cottidae; Facey & Grossman
1990).

Some fishes exhibit allozymes, alternative forms of the
same enzyme that are controlled by different alleles of
the same gene. Different populations of the species may
exhibit higher or lower frequencies of the appropriate
alleles depending on their geographic location. Livers of
Mummichog (Cyprinodontidae) along the east coast of the
United States exhibit two allozymes of lactate dehydroge-
nase, an important enzyme in carbohydrate metabolism. In
Maine, the frequency of the allele for the form more effec-
tive at colder temperatures is nearly 100%, and the fre-
quency decreases progressively in populations further to
the south (Place & Powers 1979). In Florida, the alternative
allele, which codes for the form more effective at higher
temperatures, has a frequency approaching 100%.

Acclimation to cold temperatures includes modifications
at the cellular and tissue level as well. Fishes, as well as
other organisms, can alter the ratio of saturated and unsatu-
rated fatty acids in their cell membranes to maintain uni-
formity in membrane consistency (Crockett & Londraville
2006). The proportion of unsaturated fatty acids, which are
more fluid at colder temperatures (e.g., compare vegetable
oil and butter at low temperature), increases in those species
that are active during winter. Some fishes also decrease
cholesterol levels in cell membranes to increase fluidity at
lower temperatures. Fishes that live in very cold habitats,
such as polar seas (see Chapter 18, Polar regions), often
show cellular-level metabolic adaptations such as enzymes
that function well at low temperatures and more mitochon-
dria in their swimming muscles (Crockett & Londraville
2006). Therefore, they can function better at lower tem-
peratures than would a nonpolar fish acclimated to very
low temperature.

Decreased muscle performance at low temperatures can
be compensated for at several levels of muscle function.
Acclimation of Striped Bass (Moronidae) to low tempera-
tures results in a substantial increase in the percent of red

muscle cell volume occupied by mitochondria (Eggington
& Sidell 1989), and an overall increase in the proportion
of the trunk musculature occupied by red fibers (Jones &
Sidell 1982); both of these adaptations would increase the
aerobic capability of the fish. Muscle fibers of Goldfish
(Cyprinidae) show an increased area of sarcoplasmic reticu-
lum at lower temperatures (Penney & Goldspink 1980),
which would make available more calcium ions to help
activate more proteins needed for contraction.

At colder temperatures fishes may utilize more muscle
fibers to swim at a particular speed than they use at warmer
temperatures (Sidell & Moerland 1989). Because lower
temperatures require the recruitment of more muscle fibers
to sustain a given speed than is necessary at higher tem-
peratures, maximum sustainable swimming velocities are
lower at low temperatures (Rome 1990).

Temperature changes may affect ion exchange at the gills
in a few different ways (Crockett & Londraville 2006).
Higher temperatures typically increase molecular activity,
causing increases in diffusion rates. Changes in membrane
fluidity due to changes in the saturation of fatty acids or
concentration of cholesterol, as discussed earlier, can also
affect membrane permeability — less fluid membranes tend
to be more permeable. Freshwater fishes often show
increased activity of Na-K adenonsine triphosphatase
(ATPase) at lower temperatures, whereas marine fishes
show increased Na-K ATPase activity at higher tempera-
tures. Both trends suggest increased metabolic activity to
maintain osmotic balance as temperature changes.

Heterothermic fishes

Some large, active, pelagic marine fishes are heterothermic,
using internally generated heat to maintain warm tempera-
tures in the swimming muscles, gut, brain, or eyes (Dickson
& Graham 2004). Heterothermic fishes include representa-
tives of the tunas (Scombridae), swordfishes (Xiphiidae),
marlins (Istiophoridae), sharks (Lamnidae, Alopiidae), and
perhaps the Giant Manta and Sicklefin Devil Ray (Mobuli-
dae). The heat utilized is generally the result of either
swimming muscle activity, processes associated with diges-
tion, or ocular muscles that have become modified into
“heater organs” (see Box 4.1). In all cases the heat is
retained by a rete — a modification of the circulatory system
that forms a countercurrent exchange mechanism.
Heterothermic fishes that maintain elevated swimming
muscle temperatures include some of the tunas, swordfish,
and sharks. Their internal temperatures often are warmer
than the surrounding water and remain fairly stable even
as the fishes move from warm surface waters to colder deep
water (Dickson & Graham 2004). Bluefin Tuna keep their
muscle temperatures between 28 and 33°C while swimming
through waters that range from 7 to 30°C (Carey & Lawson
1973). Yellowfin Tuna maintain muscle temperatures at
about 3°C above ambient water, whereas Skipjack Tuna
keep their muscles at about 4-7°C above ambient (Carey
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Figure 7.2

(A) The circulatory system of a “typical” fish
sends blood from the gills down the core of
the fish, making it impossible to maintain an
elevated core temperature in cold water.
Arrows indicate the direction of blood flow.
(B) In the warm-bodied Bluefin Tuna
(Thunnus thynnus), most of the blood from
the gills is shunted toward cutaneous
vessels near the body surface and is carried
through a heat exchanging rete en route to
the active swimming muscles, which stay
warm through this heat conservation
mechanism. After Carey (1973).

et al. 1971). These warm-bodied fishes conserve heat from
muscular activity through adaptations of their circulatory
systems. In a typical ectothermic fish, blood returns from
the body to the heart and then travels to the gills for gas
exchange (see Chapter 4, Cardiovascular system). The large
surface area and thin membranes of the gills permit heat to
escape to the environment, so that when the blood leaves
the gills it is the same temperature as the surrounding
water. In a typical fish this blood would then travel down
the core of the fish via the dorsal aorta, keeping the core
body temperature about the same as the surrounding water
(Fig. 7.2A). In the large tunas, however, the cool blood
leaving the gills is mostly diverted to large peripheral vessels
that run along the outside of the fish’s body (Fig. 7.2B). As
arterial blood flows toward the large swimming muscles
near the core of the body, it passes through a network of
small blood vessels where it runs countercurrent to warm
blood leaving these muscles. This type of arrangement of
blood vessels is referred to as a rete mirabile (“wonderful
net”), as discussed in Chapter 5 for the gas bladder. The
oxygenated blood is warmed as it passes through the rete
and travels toward the swimming muscles. In this way the
heat generated by the activity of the large swimming muscles
is kept within the muscles themselves and is not transported
via the blood to the gills where it would be lost to the sur-
rounding water (Dickson & Graham 2004). Bigeye Tuna
can regulate their body temperature by utilizing the heat
exchange mechanism only in colder water when it is needed
(Holland et al. 1992).

In most fishes, the red muscle tissue responsible for sus-
tained swimming is located laterally and just below the skin,
where it readily loses heat to the water. In the tunas,
however, red muscle is located more centrally, along the
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spinal column. This arrangement of the swimming muscles
contributes to the unique and very efficient swimming style
observed in the tunas (termed “thunniform”) in which the
high, thin tail oscillates rapidly while the body remains rigid
(see Chapter 8, Locomotory types). The evolution of thun-
niform swimming and the accompanying displacement of
the red swimming muscles toward the body core put an
insulating layer of less-vascularized white muscle between
the heat-generating red muscle and the surrounding water
(Block & Finnerty 1994). This muscle arrangement may
have been a prerequisite for the development of the circula-
tory adaptations necessary to maintain elevated body tem-
peratures (Block et al. 1993; Block & Finnerty 1994).
Swordfish (Xiphiidae) also have their red swimming muscles
more centrally located, and also possess an associated heat
exchanger (Carey 1990).

Smaller tunas also have retia (plural for rete) for heat
exchange, but they tend to be located more centrally, below
the vertebral column (Stevens et al. 1974). Cool blood from
the dorsal aorta is warmed as it passes through the rete and
into the swimming muscles. It appears that this type of
centrally located rete is found in smaller tunas that inhabit
warmer oceans, whereas large tunas from colder regions
have lateral retia, as shown in Fig. 7.2B. Large sharks of
the family Lamnidae such as the White Shark, makos, and
Porbeagle maintain elevated visceral and body core tem-
peratures with a heat exchanging rete located anterior to
the liver (Carey et al. 1981). Small retia also have been
observed in the viscera and red muscle of two species of
thresher sharks (Alopiidae; Block & Finnerty 1994), and
Bernal and Sepulva (2005) reported elevated muscle tem-
perature in the Thresher Shark. Some sharks and tunas,
then, have found a way to take advantage of many of the
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benefits of endothermy by conserving and recirculating heat
that would have been lost to the environment, thereby
avoiding the additional metabolic costs of specialized
thermogenic tissues.

Another use of heterothermy in fishes is in warming
parts of the central nervous system, especially the brain and
eyes, which may enhance vision and neural processing in
deeper, colder habitats, although this has yet to be tested
(Block & Finnerty 1994). All endothermic fishes studied
warm some part of their central nervous system, suggesting
that this may have been a strong factor in the evolution of
endothermy. This is accomplished by the generation of heat
by special thermogenic tissues and by circulatory adapta-
tions that use blood warmed in other parts of the body. In
Swordfish (Xiphiidae) and marlins (Istiophoridae) the
superior rectus eye muscle, and in the Butterfly Mackerel
(Scombridae) the lateral rectus eye muscle, have lost the
ability to contract and instead produce heat when stimu-
lated by the nervous system. When these cells are stimu-
lated calcium is released from the sarcoplasmic reticulum,
which would trigger contraction in normal muscle cells.
Instead, this calcium is rapidly transported back into the
sarcoplasmic reticulum by ion pumps and the continuous
release and pumping generates heat (see Dickson & Graham
2004). This thermogenic organ (the only vertebrate ther-
mogenic tissue known other than mammalian “brown
adipose tissue”) seems to have developed for the particular
purpose of generating heat for the brain and eyes. Eye
muscles of other tunas and the lamnid sharks do not appear
to be modified as heater organs (Block & Finnerty 1994),
but retia near the eyes apparently help maintain elevated
eye and brain temperatures. The lamnid sharks also have a
large vein that drains warm blood from the core swimming
muscles to the spinal cord, thereby warming the central
nervous system (Wolf et al. 1988).

The diversity of heterothermic fishes, the different
mechanisms employed, and the different locations of coun-
tercurrent exchange retia suggest that heterothermy evolved
independently several times among fishes. This diversity
also provides examples of convergent evolution of physio-
logical strategies designed to retain heat. Countercurrent
heat exchange is also found in other animals, including
mammals, birds, and insects (Willmer et al. 2005).

Five primary factors have been proposed as driving
forces in the evolution of heterothermy: (i) the expansion
of thermal niches; (ii) the stabilization of temperatures of
some important internal tissues; (iii) an enhanced ability to
detect thermal gradients; (iv) increased metabolic rates and
faster recovery from anaerobic activity; and (v) increased
growth rates (Dickson & Graham 2004; Crockett &
Londraville 2006). In addition, it has been hypothesized
that higher brain and eye temperatures may enhance neural
processing and vision, that elevated gut temperatures may
increase efficiency of digestion, and that increased swim-
ming muscle temperatures may increase burst or sustained
swimming performance. However, as logical and appealing

as these ideas are, there has been little evidence accumu-
lated to test them empirically.

Dickson and Graham (2004) reviewed past studies and
found some support for the niche expansion hypothesis —
tunas and billfishes with more active red muscle mass closer
to the body core and with a well-developed rete tended to
undergo vertical migrations to deeper and colder water
than related species with more peripherally located red
muscle and a less developed rete. Heterothermy may have
allowed some members of the tunas, a generally tropical
group, to utilize colder ocean environments (Dickson &
Graham 2004). However, non-heterothermic fishes also use
these habitats, so even if heterothermy helps some fishes it
clearly is not a requirement for success. Block et al. (2001)
reported that internally implanted electronic tags showed
that the Bluefin Tuna maintained a relatively constant inter-
nal temperature of about 25°C while traveling through seas
ranging from 2.8 to 30.6°C, and speculated that the ele-
vated muscle temperature may enhance swimming in cold
water. Dickson and Graham’s (2004) review did not find
evidence that warmer swimming muscles improved swim-
ming performance, but noted that the available studies had
not adequately evaluated the largest fishes, which would
have the warmest swimming muscles and therefore might
gain the greatest advantage. Studies comparing heterother-
mic and similar-sized ectothermic scombrids have shown
that the heterotherms have higher metabolic rates, and
hence higher Energetic costs, but that the heterotherms also
have higher optimal swimming speeds, which may be useful
for long-distance migrations. More studies must be done to
help us better understand the benefits of heterothermy in
large pelagic fishes. The diversity of species exhibiting het-
erothermy and the multiple mechanisms that have evolved
to permit it suggest that there must be some fairly strong
evolutionary benefit.

Coping with temperature
extremes

Extreme temperatures are dangerous to many living systems.
Proteins, including the enzymes that catalyze critical bio-
chemical reactions, are temperature sensitive. High tem-
peratures may cause structural degradation (denaturation),
resulting in partial or complete loss of function. Death can
come quickly to a seriously overheated animal. Cold tem-
peratures can slow critical biochemical reactions by reduc-
ing molecular movement and interaction.

Living in water generally protects fishes from extreme
environmental temperatures. Nevertheless, even at moder-
ately high temperatures, fishes encounter an additional
problem associated with the aquatic environment -
decreased oxygen availability due to limited gas solubility.
When combined with elevated oxygen demand due to
increased metabolic rate and a temperature-induced Bohr
effect that interferes with hemoglobin function, high tem-
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peratures result in a physiologically stressful situation, as
discussed in Chapter 5 (Gas transport). Not surprisingly,
few fishes tolerate high temperatures (see Chapter 18,
Deserts and other seasonally arid habitats).

The physiological challenges of low temperature include
compensating for the effects on cellular metabolism,
nervous function, and cell membranes (Crockett &
Londraville 2006). Probably the greatest potential danger
at very low temperatures is intracellular formation of ice
crystals which can puncture cell membranes and organelles,
leading to cell death. Intracellular ice formation also causes
extreme osmotic stress because as water freezes, solutes
remain dissolved in a decreasing volume of cytoplasm,
causing osmotic concentration to increase.

Freshwater fishes generally are protected from danger-
ously cold temperatures because fresh water freezes at 0°C
but is densest at 4°C. Ice, therefore, forms on the surface
of a lake or pond. Ions and other solutes depress the freez-
ing point of the intracellular fluid of most fishes to around
-0.7°C and freshwater fishes below the ice will not experi-
ence temperatures cold enough to freeze their body fluids.
Freshwater fishes, therefore, seldom need special physio-
logical mechanisms to cope with potentially freezing
conditions.

Marine fishes at high latitudes, however, are faced with
different circumstances (see Chapter 18, Polar regions). Sea
water freezes at about —1.86°C, which is below the freezing
point of the body fluids of most fishes. A marine fish could,
therefore, find itself in a situation where the temperature
of its environment is lower than the fish’s freezing point — a
potentially dangerous situation. Although some intertidal
invertebrates and terrestrial vertebrates can survive freez-
ing, fishes, instead, prevent ice formation through several
different mechanisms.

One tactic involves a physical property of crystal forma-
tion. Crystals will not grow unless a “seed” crystal exists
to which other molecules can adhere. Under controlled
laboratory conditions, Mummichog (Fundulus heteroclitus)
were cooled to about —3°C, well below their normal freez-
ing point, without ice formation (Scholander et al. 1957),
but when touched with ice crystals the fish froze nearly
instantaneously. This phenomenon of supercooling, also
called undercooling, apparently is used by some marine
fishes in very cold environments (Fletcher et al. 2001;
DeVries & Cheng 2005). The potential danger of contact-
ing ice crystals is less of a problem for fishes that live in
deep water, where they are unlikely to encounter ice.

Many polar fishes do come in direct contact with ice,
however, and still do not freeze, indicating that they have
developed physiological mechanisms to prevent internal ice
formation (DeVries & Cheng 2005; see Chapter 18, Adap-
tations and constraints of Antarctic fishes). This protection
generally involves the production of some type of biological
antifreeze, a process which is controlled by genes that are
activated seasonally (Fletcher et. al. 2001). Antifreeze com-
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pounds, usually proteins or glycoproteins, can bring the
freezing point of some Antarctic fishes, particularly the
notothenioid ice fishes, down well below the freezing point
of sea water (Fletcher et al. 2001; DeVreis & Cheng 2005).
These antifreeze compounds are produced in the liver and
distributed throughout the body, and they also are pro-
duced in tissues likely to contact ice, such as the skin, gills,
and gut. Several different protein or glycoprotein anti-
freezes have been identified among cold water fishes, and
all function by adhering to small ice crystals as they begin
to form thereby preventing growth of the seed crystal.

The freezing point of body fluids also can be lowered by
increasing the concentration of osmolytes (ions and other
solutes) — the higher the concentration, the lower the freez-
ing point. Notothenioids do this and achieve a slight (tenths
of a degree) lowering of the freezing point. Other fishes
rely strongly on increasing osmolytes to lower their freezing
points in sea water. Rainbow Smelt (Osmeridae) use a com-
bination of ice prevention tactics. They have an antifreeze
in their blood to help prevent ice crystal growth. At very
low temperatures, however, this antifreeze apparently is
not enough protection, so the Rainbow Smelt produce glyc-
erol to increase the osmotic concentration of the blood and
intracellular fluids, thereby further decreasing the freezing
point (Raymond 1992). At temperatures near the freezing
point of sea water, the glycerol concentration is so high that
the smelt are nearly isosmotic to the ocean. This increase
in glycerol concentration is more apparent in the colder
winter months and may account for the reported sweeter
flavor of these fish during that time of year.

Other fishes that live in areas that have warmer and
colder seasons, such as Atlantic Cod (Gadidae), Shorthorn
Sculpin (Cottidae), and Winter Flounder (Pleuronectidae),
also exhibit increased levels of biological antifreezes during
winter (Fletcher et al. 2001). Because glycerol and protein
or glycoprotein antifreezes are metabolically costly to
produce, it makes sense to manufacture them only when
needed; photoperiod seems to be the seasonal cue to
increase or decrease antifreeze production (Fletcher et al.
2001). Rainbow Smelt along the east coast of North America
seem to rely mainly on the colligative properties of the
glycerol to decrease the freezing point of their blood — they
begin increasing levels of glycerol and antifreeze protein in
their blood in fall, when water temperatures decline to
about 5°C (Lewis et al. 2004).

Species most likely to encounter ice have more copies
of the genes that code for antifreeze production than fish
that encounter less ice (Fletcher et al. 2001). Some have
speculated that even within a species, higher latitude popu-
lations may be better equipped to deal with colder tempera-
tures. However, although Atlantic Cod (Gadidae) from the
northern tip of Newfoundland produced significantly more
antifreeze glycoprotein than those from further south
(Goddard et al. 1999), Purchase et al. (2001) showed that
young cod raised from eggs and sperm from spawning
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adults captured in the Gulf of Maine (42°N, 70°W) were
capable of producing as much antifreeze glycoprotein as
young raised from spawning adults captured in the Grand
Banks (46°N, 55°W) when both groups were exposed to
equally low temperatures.

Very similar antifreeze compounds may occur in unre-
lated species, demonstrating convergent evolution at the
genetic and biochemical level. For example, northern
cods (superorder Paracanthopterygii, family Gadidae) and
Antarctic nototheniids (superorder Acanthopterygii, family
Nototheniidae) have very similar antifreeze glycoproteins,
but the genes responsible for producing them do not
appear to be related. In another example, herring (sub-
division Clupeomorpha, family Clupeidae), smelt (sub-
division Euteleostei, superorder Protacanthopterygii, family
Osmeridae,) and sea ravens (subdivision Euteleostei, super-
order Acanthopterygii, family Cottidae) all have the same
antifreeze protein. This is a different antifreeze, however,
than is found in two sculpins, which are in the same family
as the sea ravens. And each of these two sculpins (family
Cottidae) have different antifreezes, suggesting that anti-
freeze compounds have evolved independently and perhaps
somewhat recently in the Cottidae (Fletcher et al. 2001).

Antarctic fishes of the suborder Notothenioidei must
maintain year-round protection from freezing because their
environment rarely gets above —1.5°C, even in summer. In
most fishes molecules as small as glycoprotein antifreezes
would be lost in the urine. The fish would then need to
produce more, at considerable energetic cost. The urine of
notothenioids, however, does not contain these antifreezes
because the kidneys of these fishes lack glomeruli, the small
clusters of capillaries through which blood normally is fil-
tered (DeVries & Cheng 2005; kidney function, including
aglomerular kidneys, is discussed later in this chapter).

Freeze protection strategies may not completely prevent
ice formation within fishes. Small crystals of ice have been
found in tissues that contact the surrounding water, such
as the gills, skin, and gut. Ice also has been found in the
spleen of some Antarctic fishes, perhaps carried there by
macrophages that ingest small ice particles as part of the
fish’s immune response (DeVries & Cheng 2005).

Thermal preference

The strong effect of temperature on biochemical and physi-
ological processes drives fishes to select environmental tem-
peratures at which they can function efficiently (Coutant
1987). Because different physiological processes may have
different optimal temperatures, the temperature selected by
a fish often represents a compromise, or “integrated opti-
mum” (Kelsch & Neill 1990). Fishes probably select tem-
peratures that maximize the amount of energy available for
activity, or metabolic scope (the difference between stand-
ard and maximum metabolic rates) (Fry 1971; Kelsch &
Neill 1990; see also Chapter 5, Metabolic rate). Of course,

habitat selection in the wild involves a compromise between
temperature requirements and other important factors, such
as dissolved oxygen levels, food availability, current velocity,
substrate type, and avoidance of predators and competitors
(see Coutant 1987). Temperature is, however, a very strong
determinant of habitat choice by some fishes. Temperature-
sensitive radio transmitters surgically implanted in the body
of trout revealed that when the water temperature of a
New York stream exceeded 20°C, the fish selected cooler
microhabitats within the river, such as tributary confluences
and areas of groundwater discharge. The body temperature
of Brook Trout was up to 4°C below river temperature,
whereas Rainbow Trout had body temperatures up to 2.3°C
below river temperature (Baird & Krueger 2003).

Numerous laboratory investigations have shown most
fishes select temperatures close to those to which they have
become accustomed (see Kelsch & Neill 1990). There are
a few exceptions, however. Chum Salmon (Salmonidae)
and Blue Tilapia (Cichlidae) show very narrow and con-
stant temperature preferences regardless of acclimation
temperature, and guppies (Poeciliidae) show a slight decline
in preferred temperature with increased acclimation tem-
perature (see Kelsch & Neill 1990). The physiological
ability to adapt to different temperatures to the point of
shifting temperature preference may reflect the climate in
which a species evolved (Kelsch & Neill 1990). Species that
evolved in areas with substantial seasonal changes in tem-
perature, such as the Bluegill (Centrarchidae) of temperate
North America, need the biochemical and physiological
ability to shift temperature optima. More tropical species,
such as guppies and tilapia, and coldwater fishes, such as
salmonids, probably have not had to respond to selective
pressures that would favor individuals that can make these
kinds of adjustments.

Temperature preferences can change as fishes grow,
leading to different life stages of a given species utilizing
different thermal niches. For example, juvenile Striped
Bass (Moronidae) prefer temperatures around 25°C,
whereas large adults will select cooler temperatures, around
20°C (Coutant 1985). This ontogenetic shift in tempera-
ture preference has important implications for the success
of efforts to introduce this highly prized sport fish into
various reservoirs and estuaries. A body of water that is
ideal for the success and growth of young fish may be
thermally unsuitable for large adults, which may congre-
gate in small areas of slightly cooler water (often 18-20°C)
such as near underground spring inputs or in the hypolim-
netic waters of stratified lakes and reservoirs (see Chapter
25, Temperature, oxygen, and water flow). Extreme crowd-
ing can lead to increased susceptibility to disease and over-
fishing. It also can lead to locally depleted food supplies
and subsequent poor growth and reduced fecundity. The
thermal preference may be so strong that starving fish will
not leave cooler deep waters to feed on abundant prey in
warmer surface waters (Coutant 1985).
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Strong thermal preferences probably are the result of
natural selection resulting in fishes selecting habitats that
offer them the best chances for growth and reproduction.
This physiological constraint on habitat selection can
become a liability, however, particularly in the face of
human alterations of aquatic environments. In summer the
deep, cooler hypolimnion of warm reservoirs can be attrac-
tive to large Striped Bass. As summer progresses, however,
these deep waters can become low in oxygen, leading to
fish mortality. Coutant (1985) discusses evidence for and
implications of this temperature-oxygen habitat squeeze on
Striped Bass populations in several diverse habitats, includ-
ing freshwater and coastal systems. Potential impacts of
global warming on temperature preferences are discussed
in Chapters 25 and 26.

Power plant cooling systems often discharge heated
water into lakes and rivers, thereby altering their thermal
structure. This can cause fishes to congregate in areas that
may not be ultimately beneficial. For example, if the plant
shuts down for a few days during the winter, fish that had
become acclimated to the warmer water are suddenly left
stranded in a cold environment and can die. Hydroelectric
dams often release deeper, cooler water from an upstream
reservoir. Fishes that congregate in these cooler hypolim-
netic waters may be more susceptible, therefore, to being
drawn through the turbines and injured or killed. The
release of cooler water through a hydroelectric dam also
can attract downstream fishes to the tailrace water during
the warm summer months. The concentration of fish can
create an attractive sport fishery, but it also can lead to
overfishing and subsequent depletion of brood stock. In
some “pumpback” hydroelectric dams, large motors run
turbines in reverse to push water back to the upstream
side of the dam when power is not needed. When more
electricity is needed, such as during periods of peak
demand, this water is released again to generate electricity.
The attraction of fishes to the foot of the dam during
periods of power generation can set the stage for high fish
mortality if those fishes are drawn through the turbines as
water is pumped back to the upstream side of the dam
(Helfman 2007).

The combination of cooler temperatures and high tur-
bulence can cause water that is released from dams to
become supersaturated with gases, especially nitrogen and
oxygen. The blood of fishes living in these areas also can
become supersaturated because of gas diffusion across the
highly permeable gill membrane. When these fishes move
to warmer, less turbulent areas, the gases come out of solu-
tion and form bubbles in the blood. This gas bubble disease
(similar to “the bends” in humans) can cause blocked and
ruptured blood vessels, resulting in disorientation and
death.

Thermal preferences also may cause fishes to congregate
in areas with high levels of toxic pollutants, as has been
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reported for Striped Bass in the San Francisco Bay-Delta
area. Uptake and bioaccumulation of some of these
contaminants has been correlated with poor growth, high
parasite loads, and decreased reproductive potential
(Coutant 1985).

The impact of temperature preferences on fish habitat
selection is a good example of links among fish physiology,
behavior, ecology, and conservation. The effect of tempera-
ture preferences on the success of introduced Striped Bass
also demonstrates the importance of basic physiological
and behavioral information, as well as a thorough under-
standing of the habitat, when considering ecosystem manip-
ulation or species introductions.

One of the most important homeostatic functions of living
organisms is proper regulation of the internal osmotic envi-
ronment. Deviation from the normal range can jeopardize
proper physiological function through water loss or gain,
the changing of internal ionic concentrations, and shifts in
ionic and osmotic gradients. Most fishes, like all other ver-
tebrates, are osmoregulators — they regulate their internal
osmotic environment within a fairly narrow range that is
suitable for proper cellular function, even if the external
osmotic environment fluctuates. Fishes that can tolerate
only small changes in the solute concentration of their
external environment are referred to as stenohaline, whereas
those with the ability to osmoregulate over a wide range of
environmental salinities are euryhaline.

Gills are an important osmoregulatory and excretory
organ for fishes. Their large surface area, thin membranes,
and highly specialized cell types make them well suited
for this role. Nitrogen wastes are eliminated in the form
of ammonia (NH;) and its cation ammonium (NH3), both
of which are soluble in the surrounding water. Diffusion of
these wastes across the gills does, however, require immer-
sion in water. Fishes that can survive out of water for
extended periods convert ammonia to urea, which is less
toxic and can be stored until the fish returns to the water.
For example, African lungfishes (Protopteridae) produce
ammonia when in the water but switch to urea production
while estivating in a mud cocoon through long dry periods
(Yancey 2001; see Chapter 13, Subclass Dipnoi, Order
Ceratodontiformes: the lungfishes). The amphibious mud-
skippers (Boleopthalmus, Gobiidae) increase mucus pro-
duction by the skin and gills during terrestrial forays, and
the mucus contains high levels of ammonia and urea (Evans
et al. 1999). Other air-breathing fishes, including some that
inhabit intertidal zones, may utilize several strategies to
protect themselves against ammonia toxicity, including
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Table 7.1

Percent of nitrogenous wastes eliminated as ammonia nitrogen and urea nitrogen through the gills and kidney of various fishes. From Wood (1993).

Gill
Fishes Medium Ammonia
Agnatha
Lamprey (Lampetra)® FW 95
Chondrichthes
Dogfish (Squalus)? SW 2
Sawfish (Pristis)? FW 18
Bony fishes
Carp (Cyprinus)® FW 82
Goldfish (Carassius)® Fw 79
Catfish (Heteropneustes)* FW 85
Trout (Oncorhynchus)? FW 86
Cichlid (Oreochromis)® FwW 61
Trout (Oncorhynchus)? 10% SW 56
Mudskipper (Periophthalmus)® 25% SW 47
Goby (Boleophthalmus)® 25% SW 61
Poacher (Agonus)® SW 4
Sculpin (Taurulus)® SW 63
Wrasse (Crenilabrus)” SW 67
Blenny (Blennius)® Sw 35

FW, freshwater; SW, sea water.
Kidney excretion measured by urinary catheter. Therefore, any excretion via
the skin or gut would be included in the “gill” component.

reducing amino acid catabolism to reduce ammonia pro-
duction, converting ammonia to less toxic compounds such
as glutamine or urea, excreting ammonia through the gut
or skin, and increasing physiological tolerance to ammonia
(Ip et al. 2004a).

The kidneys also play an important role in osmoregula-
tion and excretion (Table 7.1). The basic process of urine
formation in most fishes is similar to that of other verte-
brates, but unlike most terrestrial vertebrates fishes cannot
produce urine that is more concentrated than their blood.
In the kidneys, blood pressure forces water and small ions
across the walls of small capillary beds, called glomeruli,
and into the surrounding Bowman’s capsules, which are the
beginning of the kidney tubules (nephrons). As the filtrate
travels along the nephron, water and important solutes are
removed and added back to the blood. Waste products,
excess ions, and other molecules that were not contained
in the initial filtrate are added to the urine for elimination
from the body. Urine drains from the nephrons into col-
lecting ducts, and then to the bladder where it may be held
prior to being excreted. The urinary bladder may play an
important role in salt and water balance by removing salts
from the urine of freshwater fishes and removing water
from and adding salts to the urine of saltwater fishes (Mar-
shall & Grosell 2006).

Urea

Kidney
Ammonia Urea Reference

4 1 Read (1968)

0 7 C. M. Wood & P. A. Wright (unpubl. data)

2 25 Smith & Smith (1931)
10 0 Smith (1929)

7 1 Smith (1929)

0 4 Saha et al. (1988)

1 2 Wood (1993)

0 14 Sayer & Davenport (1987)
10 2 Wright et al. (1992)
13 17 Morii et al. (1978)
11 14 Morii et al. (1978)
43 7 Sayer & Davenport (1987)
20 13 Sayer & Davenport (1987)
28 3 Sayer & Davenport (1987)
39 8 Sayer & Davenport (1987)

®Kidney excretion measured by placing the fish in a chamber with a water-
tight curtain separating the anterior (head and gills) and posterior sections.
Therefore, any excretion via the skin or gut is mostly included in the “kidney
(posterior) component.

Osmoregulation in different
types of fishes

Agnathans

Hagfishes (Myxinidae; see Chapter 13, Myxiniforms), are
osmoconformers, similar to many marine invertebrates.
Their overall internal osmotic concentration is about the
same as that of sea water (Table 7.2). Because they live in
fairly stable osmotic conditions near the bottom in rela-
tively deep water, they do not have to contend with internal
osmotic instability. Although the overall internal osmotic
concentration of hagfishes is the same as the ocean, there
are differences in the concentrations of some individual
ions. There is no difference, however, in the concentration
of the two major ions, sodium and chloride, giving hag-
fishes the highest concentrations of these physiologically
important ions among the vertebrates. Lampreys (Petro-
myzontidae), the other group of extant agnathans, are
osmoregulators and appear to utilize osmoregulatory strat-
egies very similar to those of teleosts (Evans 1993).

Elasmobranchs

To prevent osmotic stress in the hyperosmotic marine envi-
ronment, marine elasmobranchs (see Chapter 12) convert
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Plasma ionic concentrations (in milliosmoles per liter) of sea water, fresh water, and various fishes. From Evans (1993).

Na Cl K
Sea water 439 513 9.3
Hagfish (Myxine) 486 508 8.2
Lamprey (Petromyzon) 156 159 32
Shark® 255 241 6.0
Teleost (Lophius) 180 196 5.1
Euryhaline teleost (Pleuronectes) 142 168 34
Fresh water (soft) 0.25 0.23 0.005
Lamprey (Lampetra) 120 104 3.9
Stingray (Potamotrygon) 150 150 -
Teleost (Cyprinus) 130 125 29
Euryhaline teleost (Pleuronectes) 124 132 2.9

Mg (oF:] {0 Urea TMAO Total
50 9.6 26 0 0 1050
12 5.1 3 - - 1035
7.0 A5 - - - 888
3.0 5 0.5 441 72 1118
2.5 2.8 2.7 - - 452
- 3.3 - - - 297
0.04 0.07 0.05 - - 1
2.0 2.5 - - - 272
- - - 1.3 - 308
1.2 2.1 - - - 274
- 2.7 - - - 240

2Na, Cl, urea, and total data from Scyliorhinus canicula; other data from Squalus acanthias.

their nitrogen wastes into urea and retain high concentra-
tions of it in their blood. This, in addition to trimethyl-
amine oxide (TMAO), which helps to stabilize proteins
against the denaturing effect of urea, gives elasmobranch
blood an osmotic concentration slightly higher than that of
sea water (Table 7.1). Elasmobranch gills are not readily
permeable to urea, and this is probably enhanced by the
cells transporting urea back into the blood and thereby
reducing the gradient between the cell and the surrounding
water (Marshall & Grosell 2006). As a result of this urea
retention, elasmobranchs are hyperosmotic to sea water
and gain water by diffusion across their gills.

Elasmobranch gills have mitochondria-rich cells, which
may help with acid-base balance but apparently play no
significant role in sodium or chloride balance. Instead,
marine elasmobranchs rid themselves of excess sodium and
chloride by active secretion via the rectal gland, which lies
just anterior to the cloaca. Secretory tubules of the gland
are lined with salt-secreting cells that are similar structur-
ally and biochemically to the mitochondria-rich cells of
teleost gills. The rectal gland produces a solution that has
about twice the NaCl concentration as the fish’s extracel-
lular fluids (Marshall & Grosell 2006), and this solution
drains into ducts leading to the lower intestine and is elimi-
nated with other wastes.

Over 40 species of elasmobranchs, representing four
families, are either euryhaline or exclusively freshwater
species. Those that are euryhaline tend to lose urea when
they spend time in fresh water, and those that live exclu-
sively in fresh water, such as the freshwater stingrays
(Potamotrygonidae), do not produce much urea at all and
rely on ammonia excretion to get rid of nitrogen wastes, as
teleosts do (Marshall & Grosell 2006). The rectal glands
of these fishes are also smaller and may become atrophied
due to lack of use.

Marine elasmobranchs have glomerular kidneys, and
their glomerular filtration rate is somewhat similar to those

of freshwater fishes because the high urea content of the
marine elasmobranchs causes them to gain water from their
environment. The nephron is long, convoluted, and has
several specialized segments — the proximal segment, inter-
mediate segment, distal segment, and collecting duct.
Divalent ions, such as magnesium and sulfate, are actively
transported from the blood into the proximal segment (as
in marine teleosts), and the close proximity of the looping
segments suggests that a countercurrent mechanism may be
at work, perhaps to recover urea and TMAO (Marshall &
Grosell 2006). A facilitated transporter for urea has been
identified in the latter segments of the nephron.

Sarcopterygians

The coelacanths (Coelacanthidae) are extant marine sar-
copterygians that also maintain elevated levels of urea and
TMAO in their blood to offset the high ionic concentration
of the external environment (see Yancey 2001), as do the
marine elasmobranchs. The African and South American
lungfishes (Dipnoi) are freshwater sarcopterygians that can
survive long periods of drought by estivating in mud
burrows. During this estivation period they produce and
retain high levels of urea, perhaps as a way of storing their
nitrogen wastes in a form that is less toxic than ammonia
and perhaps to help retain water. The phylogenetic distance
between the sarcopterygians and the elasmobranchs, and
the fact that both groups use urea as a nitrogenous waste
and osmolyte, indicates an example of convergent evolu-
tion in the face of similar physiological challenges.

Freshwater teleosts

Freshwater teleosts are hyperosmotic to their environment
(see Table 7.1) and therefore tend to gain water and lose
solutes by diffusion across the thin membranes of the gills
and pharynx (Fig. 7.3A). Solutes also are lost in the urine.
If left unchecked, the fish’s cells would swell and burst from
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the constant influx of water. To prevent this, freshwater
fishes excrete a large volume of dilute urine and actively
transport solutes back into their blood. Some of these solutes
are recovered from urine as it is being formed in the kidney
tubules. In addition, sodium and chloride ions are taken up
from the surrounding water at the gills by specialized mito-
chondria-rich cells (often referred to as “ionoregulatory
cells” or “chloride cells” in some literature). Although the
specific biochemical mechanisms of this transport are not
fully understood, it appears that sodium and chloride uptake
are accomplished by different cells and that these processes
may be linked with secretion of hydrogen ions and bicarbo-
nate ions, respectively (Marshall & Grosell 2006). The
basolateral membranes of these mitochondria-rich cells,
which are essentially inward extensions of the extracellular
environment, come very close to the apical surface of the
cell which is in contact with the surrounding water (Fig.
7.4A). This allows the transport mechanisms on the mem-
branes to establish gradients of either hydrogen ions or
bicarbonate ions high enough so that they diffuse from the
cell to the surrounding water, and either sodium or chloride
ions enter the cell as part of an ion exchange to maintain
electrochemical balance (Fig. 7.4B, C).

The exchange of hydrogen ions for sodium ions, or
bicarbonate ions for chloride ions, is likely enhanced by the
enzyme carbonic anhydrase which accelerates the conver-
sion of water and carbon dioxide to hydrogen and bicar-
bonate ions. Tresguerres et al. (2006) propose that the
exchange of chloride for bicarbonate may be achieved by
the close linkage of carbonic anhydrase and ion exchangers
on the apical and basolateral membranes, a mechanism
which they call the “freshwater chloride-uptake metabo-
lon”. Sodium uptake is probably achieved by a protein that
uses ATP to exchange incoming sodium ions for potassium
ions (Marshall & Grosell 2006). Freshwater fishes also take
up calcium at the gills by actively transporting calcium into
the blood at the basolateral membrane, thereby decreasing
the intracellular calcium concentration and encouraging

large volume of dilute urine to offset the passive
uptake of water across their gills. They also must
actively transport ions into the blood at the gills to
compensate for the loss of these ions to the dilute
freshwater environment. (B) Marine bony fishes
passively lose water to their environment and gain
salts by diffusion across their gills. They must,
therefore, take in water through their food and by
drinking sea water. Monovalent ions are actively
transported out of the blood at the gills. Magnesium
and sulfate ions, which are abundant in sea water, are
excreted in the urine. Marine fishes conserve water by
producing urine that is isosmotic to their blood.

diffusion of calcium into the cell from the surrounding
water (Perry et al. 2003).

Kidneys also play a role in osmoregulation and ion
balance. In freshwater teleosts, glomerular filtrate passes
into the proximal tubule where water and solutes, including
sodium, chloride, and glucose, are recovered into the blood.
Additional sodium and chloride may be recovered in the
distal tubules, collecting ducts, and bladder before the urine
is released from the body (Marshall & Grosell 2006).

Marine teleosts

Marine teleosts face the opposite problem from that of
freshwater teleosts. The high salt concentration of the
ocean draws water out of the fish, and ions diffuse in across
the permeable membranes (see Fig. 7.3B). To counteract
potential dehydration, marine teleosts drink sea water and
actively excrete excess salts. The mitochondria-rich cells of
the gills actively transport chloride ions from the fish’s
extracellular fluid into the cell along the extensive basola-
teral membrane. This increases the chloride concentration
in the cell and results in chloride diffusing out of the cell
at its apical surface and into the surrounding sea water. The
build up of these negatively charged chloride ions at the
outside of the apical surface attracts positively charged
sodium ions, which apparently pass through the gill epithe-
lium between the mitochondria-rich cells and the adjacent
accessory cells (see Fig. 7.4D). Larger multivalent ions,
especially magnesium and sulfate, which are abundant in
sea water, are not readily absorbed in the gut and therefore
are excreted (Marshall & Grosell 2006).

Most marine teleosts have glomerular kidneys, so urine
forms initially by glomerular filtration. Some polar fishes,
however, lack glomeruli and rely exclusively on active
transport of solutes from the blood into the nephron to
form urine. This means of urine formation prevents the loss
of important molecules, such as biological antifreezes (see
above, on coping with extreme temperatures). Whether
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(A) In addition to the abundant mitochondria that provide the energy needed for high levels of active transport, mitochondria-rich (MR) cells have a highly
infolded basolateral membrane that greatly increases surface area by creating a tubule system within the cell. This also brings the extracellular fluid within
the tubules in close proximity to the apical surface of the cell, allowing the establishment of concentration gradients that assist with ion exchange. (B) The
apical surface of some of the MR cells in the gills of freshwater fishes take up chloride ions from the surrounding water in exchange for the secretion of

bicarbonate ions created by combining carbon dioxide with water. Proton pumps that transport hydrogen ions out of the cell and into the blood help to drive
this process indirectly. (C) Other MR cells in freshwater fish gills take up sodium ions from the water by the excretion of hydrogen ions across the apical
surface, removing sodium from the cell and transporting it into the blood at the basolateral surface. (D) Marine bony fishes actively transport chloride into the
MR cells of the gills from the blood, creating a high intracellular concentration that results in the diffusion of the chloride across the apical surface and into
the surrounding sea water. The outward flow of negatively charged chloride ions helps draw positively charged sodium ions out through the leaky membrane
connecting the MR cell to an adjacent accessory cell. In B, C, and D the active transport of calcium ions out of the cell into the blood helps to draw in more

calcium from the surrounding water. After Marshall and Grosell (2006) and Tresquerres et al. (2006).

glomerular or aglomerular, solutes such as sodium, chlo-
ride, magnesium, and sulfates, which are absorbed from the
surrounding environment, are actively transported from
the blood into the initial segment of the proximal tubule
of the nephron to be eliminated in the urine. Marine tele-
osts also have a functionally distinct latter section of the
proximal segment for the recovery of water, some sodium
and chloride, and glucose. There is no distal tubule segment
in marine teleosts, so the urine passes from the proximal
tubule through the collecting duct and into the bladder
where additional sodium and chloride can be recovered if
needed. In addition, the bladder of marine teleosts is per-
meable to water, unlike that of freshwater teleosts, provid-
ing an additional opportunity for water recovery. This is
why marine teleosts can produce urine that is isotonic with
their blood, whereas freshwater teleosts can only produce
dilute urine.

Diadromous teleosts

Teleosts that migrate between fresh and salt water, such as
salmonids, must make appropriate adjustments in the mito-
chondria-rich cells of the gill epithelium to physiologically
adapt to the dramatic change in osmoregulatory environ-
ment. For example, as Arctic Char migrate from the ocean
into rivers, the membrane proteins of the gill epithelial cells
responsible for sodium-potassium exchange increase in
abundance, and so do the plasma sodium concentration and
blood osmolarity (Bystriansky et al. 2007). This apparently
is the result of increased activity of the genetic and molecu-
lar mechanisms responsible for creating these proteins, and
also provides evidence that this sodium—potassium exchange
plays an important role in sodium uptake in freshwater
fishes. Bystriansky et al. (2007) also note that there are
apparently two forms of this sodium-potassium exchange
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protein, one that excretes excess sodium from saltwater
fishes and another that assists with sodium uptake in fresh-
water fishes.

Control of osmoregulation
and excretion

Like many homeostatic functions, osmoregulation is con-
trolled mainly by hormones. Some of these hormones act
quickly to help fishes cope with rapid changes in the osmotic
concentration of their environment by controlling the
activity of existing cell membrane transporters or channels.
Others act slowly and for longer time periods by regulating
the synthesis of proteins that create the channels and trans-
porters, and may also play a role in restructuring osmoregu-
latory tissues (see Takei & Loretz 2006). Prolactin appears
to play a large role in adaptation to fresh water by decreas-
ing the permeability of gill, kidney, bladder, and intestinal
membranes to water and stimulating the uptake of sodium
and chloride by the mitochondria-rich cells of the gills.
Cortisol, a stress hormone, apparently assists with sodium
and chloride uptake by freshwater fishes, and C-type natri-
uretic peptides seem to help with sodium uptake and reten-
tion in hypoosmotic environments.

Cortisol also plays an important role in saltwater adapta-
tion, apparently by increasing the size and number of mito-
chondria-rich cells responsible for reducing levels of sodium
and chloride in the blood and modifying the lining of the
intestine to increase water absorption (Takei & Loretz
2006). Blood levels of cortisol increase when euryhaline
fishes are transferred to salt water. Growth hormone also
increases the size and number of chloride-transporting
mitochondria-rich cells and enhances the activity of the
enzymes associated with sodium—potassium exchange. It
also enhances the expression of genes responsible for the
protein involved in ion transport across epithelial cell
membranes. Vasopressin (from the posterior pituitary) and
urotensins (from the urophysis) may also play a role in
osmoregulation, but the evidence is not conclusive. Atrial
natriuretic peptide and related hormones appear to help
with short-term adaptation to high salinity environments
by inhibiting swallowing of salt water and reducing the
uptake of sodium by the intestine. And although the specific
function of the guanylins is unknown, the genes responsible
for their production become activated when eels are trans-
ferred to salt water, suggesting a role in the transition of
anguillid eels from a freshwater or estuarine juvenile to an
ocean-dwelling, spawning adult (Takei & Loretz 2006).

pH balance

Like all animals, fishes must maintain blood and tissue pH
within certain limits because many enzymes that control
critical biochemical processes are pH sensitive. Low or high

pH can alter the configuration of these molecules, inhibit-
ing their function. Blood pH is largely affected by meta-
bolic byproducts such as carbon dioxide, which forms
carbonic acid when in solution, and organic acids such as
lactic acid from anaerobic metabolism. Terrestrial verte-
brates primarily regulate pH through altering their respira-
tion rate to regulate the amount of carbon dioxide in their
blood. Fishes cannot, however, effectively lower blood pH
by increasing ventilation, in part due to the high solubility
of carbon dioxide in water, and therefore must regulate pH
in other ways (Claiborne et al. 2002; Marshall & Grosell
2006). Fishes instead rely on epithelial transport of ions
that affect pH, such as hydrogen ions and bicarbonate ions,
and the primary responsibility for this seems to fall on
mitochondria-rich cells that typically are found in the gills,
but also may occur in the skin of some fishes (Marshall &
Grosell 2006).

Carbon dioxide from cellular metabolism is mainly
carried by the blood in the form of bicarbonate ions, and
some is converted back to dissolved carbon dioxide at the
gills where it can easily diffuse into the surrounding water.
Some of the mitochondria-rich cells in the gill epithelium
also seem to have the ability to exchange bicarbonate ions
for chloride ions (see Fig. 7.4B). In addition, excess hydro-
gen ions are exchanged for sodium ions, also by some of
the mitochondria-rich cells (see Fig. 7.4C). Protein trans-
porters designed for sodium/hydrogen ion exchange have
been found on the gills of elasmobranchs, teleosts, and an
agnathan (Claiborne et al. 2002). In addition, proteins that
use ATP to actively transport hydrogen ions into the sur-
rounding water may be important to pH regulation in
freshwater teleosts and indirectly responsible for sodium
uptake (the secretion of the hydrogen ions results in a
charge imbalance, resulting in sodium entering the cells via
sodium channels). These transport proteins have been
found in the gills of marine elasmobranchs and teleosts,
but do not seem to be as important as they are in fresh-
water fishes. Claiborne et al. (2002) review numerous
studies in which the genetic and molecular mechanisms of
the mitochondria-rich cells control the activity and abun-
dance of the protein transporters to allow fishes to main-
tain relatively stable blood pH. Perry et al. (2003) provide
additional examples, particularly with respect to freshwa-
ter fishes, and also point out that kidneys play a role by
regulating the amount of bicarbonate ion excreted in the
urine.

The immune system plays an important role in homeostasis
by maintaining animal health in both innate and adaptive
ways (Rice & Arkoosh 2002). Innate mechanisms are found
in agnathan and gnathostome fishes, and consist of immune
factors that block invasion by potential pathogens. For
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example, the external layer of skin and scales is a physical
barrier to infectious organisms. In addition, the sticky,
viscous consistency of the mucus secreted by fish epithelial
cells probably helps to trap microorganisms, and the mucus
can contain antibodies and chemicals that destroy or inhibit
bacteria (Bernstein et al. 1997). The volume of mucus
secreted may increase in stressful situations, indicating a
response on the fish’s part to shield itself from potentially
harmful chemicals, microorganisms, or other agents. Other
parts of the innate response include inducible phagocytic
cells that can attack and destroy potential pathogens, cyto-
toxic cells that destroy cells infected by viruses, and the
complement system of proteins that attack the membrane
of invading cells (Rice & Arkoosh 2002).

The adaptive response, in contrast, involves the detec-
tion of an invader and the creation of specialized response
mechanisms to identify and destroy it. This response has
not been seen in agnathans, but is present in the gnathos-
tomes (Bernstein et al. 1997). The organs primarily
responsible for this response are the kidney, thymus,
spleen, and gut.

The adaptive response includes both cellular and
humoral components (Rice & Arkoosh 2002). The cellular
component of the adaptive response includes cytotoxic T
cells that can destroy cells that have become infected by
viruses or that show signs of becoming cancerous. The
humoral response involves the detection of specific invad-
ing compounds (antigens) and the production of antibodies
designed to bind to them. These antibodies tag the anti-
genic particles for destruction by other components of the
immune system, such as macrophages that engulf and digest
the tagged antigens, or complement proteins that destroy
tagged cells by puncturing their membranes. Antibody
structure of the Chondrichthyes is somewhat similar to that
of the higher bony fishes and mammals. The structures of
the genes responsible for antibodies are quite different,
however, with those of the bony fishes somewhat interme-
diate between those of the Chondrichthyes and those of
mammals (Bernstein et al. 1997).

In mounting an antibody response, the immune system
also produces memory cells that remain in the blood stream
for extended periods (Rice & Arkoosh 2002). Memory
cells help the animal’s immune system react quickly if it
encounters the same antigen in the future. Consequently,
subsequent exposures to an antigen are dealt with quickly
and the antigens are destroyed much more quickly than was
the case during the initial exposure to that same antigen.
Vaccinations, which have become important in fish culture,
take advantage of memory cell development. By exposing
fish to a less virulent form of a pathogen, the fish’s immune
system can defeat this initial infection and will retain
memory cells to help it respond quickly and more effec-
tively to subsequent exposures to a potentially more viru-
lent form of the pathogen.

Partll Form, function, and ontogeny

In a broad context, stress can be considered as a biological
response that drives physiological systems outside their
normal range. Fishes typically respond to short-term, or
acute, stress by mechanisms designed to maintain physio-
logical function by compensating for the stress for a while,
and then when the stress passes the fish can return to its
previous physiological state. If the stress is chronic (persists
for a long period of time), however, it may result in a
readjustment of physiological set-points and the establish-
ment of a new baseline condition. This is sometimes referred
to as allostasis, because rather than returning to its previous
physiological state (homeostasis), the organism instead
establishes a new baseline condition. This would include
changes in gene expression that result in long-term altera-
tions of proteins needed to maintain function under the
new conditions (Iwama et al. 2006).

Physiological responses to stress typically occur in
three phases (Barton et al. 2002; Iwama et al. 2006). The
primary response is mainly the immediate release of epine-
phrine, followed by the release of cortisol in teleosts or
lo-hydroxycorticosterone in elasmobranchs. Epinephrine
release and the physiological responses that it initiates can
occur in seconds, but do not persist for long. The release of
cortisol and the reaction to it, however, begin more slowly
and are sustained for a longer period of time. Together,
these hormones activate biochemical pathways that lead to
the secondary phase of the stress response, which is marked
by elevated levels of blood glucose to support an increased
metabolism. In addition to elevated blood glucose, the sec-
ondary response also is characterized by increased respira-
tion rate, increased blood flow to the gills, and increased
gill permeability (Barton et al. 2002). These increases help
the fish to take in more oxygen to support elevated metabo-
lism, but also increase the diffusion of water and ions across
the gill epithelium, creating more osmoregulatory stress and
demanding more active transport, and therefore energy, for
the fish to maintain its osmotic balance.

Another part of the secondary response occurs at the
cellular level — the induction of stress proteins. These are
often called heat shock proteins (HSPs) because they were
initially described as a response to elevated temperatures.
However, they are now recognized as a general cellular-
level response to many types of stress, including tempera-
ture, various types of pollution, handling, hypoxia, and
pathogens. There are three general categories of stress pro-
teins, based on their molecular weight, and they seem to
help maintain the function of other proteins that are critical
to cellular biochemical processes by protecting the shape
of, helping repair, or helping control degradation of these
other proteins. For example, the stress protein identified as
HSP-90 apparently is important in protecting the function
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of the cellular receptor for cortisol, which would help
sustain the ability of the cell to respond to this important
stress hormone (Iwama et al. 2006). Because stress proteins
are a general response to many types of stress, they can be
used as an indicator of a fish’s exposure to a stressor, such
as unfavorable environmental conditions.

If stress persists, the primary and secondary responses
may lead to tertiary responses at the whole-animal or popu-
lation level (Barton et al. 2002; Iwama et al. 2006). Persist-
entelevated levels of the stress hormones, especially cortisol,
can negatively affect fish growth, condition factor (length?/
mass), reproduction, and behavior such as swimming
stamina because energy that would have been available for
these functions has been diverted to dealing with stress (see
Chapter 5, Bioenergetic models).

Several factors can influence a fish’s response to stress.
These include sex, because the sex hormones themselves
can affect the stress response, and the developmental stage
of the individual, because juveniles and adults often will
respond differently. A fish’s nutritional state or whether it
is affected by an existing stressor also can impact its response
to subsequent stress (Barton et al. 2002). Responses to
stress can also be seen at all levels of biological organization
(Adams 2002; Hodson 2002). Short-term exposure to
stressors can lead to changes at the subcellular level as a
fish tries to compensate physiologically, but these effects
may not have implications at higher levels of organization,
such as the overall health of the organism or the status of
the population.

Chronic stress can affect fish immune systems, in part
because sustained elevated levels of cortisol can suppress
immune function and thereby diminish disease resistance
and ultimately survival. Experimentally induced stress
designed to resemble the stress of capture significantly
impacted the immune responses of Sablefish (Anoplopoma
fimbria), so that those released as unwanted bycatch might
have diminished capabilities to resist natural pathogens
(Lupes et al. 2006). And Chinook Salmon smolts exposed
to elevated levels of ammonia for 96 h had lowered counts
of lymphocytes, which could lead to increased susceptibil-
ity to disease (Ackerman et al. 2006). Environmental con-
taminants may also negatively affect fish immune systems
by compromising the protective barriers of skin and
mucus, affecting organs that filter pathogens from the
blood, and interfering with intercellular signaling. For
example, juvenile salmon from Puget Sound, known for
its elevated levels of various pollutants, were more sus-
ceptible to pathogens because their immune responses
were suppressed, and English Sole may also be affected
(see Rice & Arkoosh 2002).

Chronic stress also may affect reproduction, and there-
fore population and community structure. A range of
chemical contaminants have been identified as endocrine
disrupting compounds (EDCs) because they interfere with

some aspects of the hormonal signaling system that regulate
the gonads and secondary sex characteristics (Greeley
2002). As more potential EDCs are identified in our surface
waters, concern increases over the potential impacts on
aquatic life, including fish populations (see Box 7.1).

Indicators of stress

Because chronic stress is not immediately lethal, it often
goes undetected until its effects influence fish populations
and community structure. Interest in the early detection of
stress in fishes has led to increased study of biomarkers,
which are cellular and subcellular indicators of environ-
mental stress (Adams 2002). The principle behind the study
of biomarkers is that stress can be detected at the subcellu-
lar and cellular level before it affects organismal or popula-
tion health. Biomarkers, as well as biological indicators of
stress at higher levels of biological organization, have been
an active area of research.

Environmental stressors can result in the alteration of
DNA and interfere with the molecular activity of some
hormones (Hodson 2002; Filby et al. 2007). Exposure to
many chemicals can result in increased levels of liver
enzymes responsible for their detoxification and metabo-
lism, and also the induction of stress proteins (discussed
earlier). Therefore, levels of these biochemicals can be indi-
cators of exposure to stress. Chronic stress can result in a
variety of changes in cellular and tissue morphology in
various organs, and biomarkers at this histopathological
level are seen as good indicators because they show inte-
grated, cumulative effects of physiological stress (Myers &
Fournie 2002). Various biomarkers in the liver, spleen, skin,
and musculoskeletal system seem to be the best supported
by research thus far. The liver is the primary organ of con-
taminant detoxification, so it frequently shows signs of a
fish dealing with environmental contaminants. The spleen
also shows signs of environmental stress because of its
important role in fish immune systems, as indicated by the
presence of macrophage aggregates, also called melanomac-
rophage centers. These have been shown to be good
biomarkers of multiple environmental stressors and also
can be indicators of past exposure because they remain
once they have formed and accumulate with age. Several
studies have supported the use of splenic macrophage
aggregates as indicators of environmental stress (Wolke
et al. 1985; Blazer et al. 1987; Macchi et al. 1992; Blazer
et al. 1994), and they may be able to show decreased stress
in fish in areas that have undergone environmental improve-
ment (Facey et al. 2005).

Through these and other biomarkers and bioindicators,
it is becoming possible to detect stress from a variety of
agents, thereby permitting early detection of potential
impacts on fish physiology, health, growth, reproductive
success, and community structure.
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Most long-term regulation of physiological processes
in fishes is accomplished by the endocrine system.
Many endocrine tissues are controlled by the
pituitary, which is controlled by the hypothalamus of
the brain. Physiological functions controlled by the
endocrine system include osmoregulation, growth,
metabolism, color changes, development and
metamorphosis, and stress responses. Some
environmental contaminants can disrupt hormonally
regulated physiological functions, such as sexual
differentiation, because their structure mimics that of
naturally occurring hormones.

Involuntary physiological functions, such as heart
rate, blood pressure, blood flow to the gills and gas
bladder, and the contraction of the smooth muscles
of the gut, are controlled by the autonomic nervous
system.

Most fishes have body temperatures close to that of
the water around them because of heat exchange at
the gills. Some large pelagic predators, such as
tunas and lamnid sharks, can maintain elevated
body temperatures by conserving the heat
generated in the active swimming muscles through
countercurrent heat exchange. Billfishes use heat
from special thermogenic tissue behind the eye to
keep their eyes and brain warm while swimming in
deep, cool water.

Seasonal changes in water temperature affect fish
metabolism. Fishes can compensate for some
change by altering the concentration or form of
certain enzymes to maintain essential biochemical
processes in cold conditions.

High water temperatures diminish the availability of
oxygen in the water and can destroy physiologically
important proteins such as hemoglobin and many
enzymes. Hence, few fishes can survive warm water
temperatures. The temperature of sea water in polar
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regions drops below the freezing point of the blood
of most fishes. To avoid freezing, many polar fishes
rely on supercooling or biological antifreeze
compounds.

The large surface area of the highly permeable gill
membrane allows for considerable exchange of water
and ions between a fish’s blood and the surrounding
water. To maintain a fairly stable internal osmotic
condition, freshwater bony fishes produce dilute urine
and take up ions through mitochondria-rich cells in
the gills. Saltwater bony fishes must drink sea water
to replace water lost by diffusion, and they also must
eliminate excess ions through their kidneys and the
mitochondria-rich cells of the gill epithelium.
Elasmobranchs gain water by diffusion due to high
levels of urea and TMAO in their blood.
Osmoregulation in fishes is controlled by several
hormones, including urotensins, cortisol, prolactin,
and the catecholamines (epinephrine and
norepinephrine).

Most fishes eliminate nitrogenous wastes at their gills
in the form of ammonia or ammonium. Fishes also
produce urea, which is excreted in the urine. Kidney
structure in fishes does not permit the concentration
of urine to exceed the concentration of the blood
plasma.

A fish’s immune system acts to prevent the entry of
pathogens, or to destroy them if they do enter the
body. The proper functioning of this system can be
compromised by stress, such as that caused by
handling or environmental factors including certain
contaminants.

Stress from environmental factors also can result in a
thicker mucus layer on a fish’s gills, thereby inhibiting
gas exchange, and cause a variety of other
physiological impacts that can affect long-term
energy balance and fish health.
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Structure without function is a corpse and function
without structure is a ghost.
Vogel and Wainwright (1969, p. 93)

Structure and function are inseparable. In the preceding five
chapters, we have characterized the anatomy of fishes and
described the function of various physiological systems.
Such anatomical and physiological descriptions only make
evolutionary sense when we understand their function, and
function has not been ignored in the preceding introduc-
tory material. But structure-function relationships deserve
more in-depth exploration. The study of how parts operate
and how environmental selection pressures have influenced
their construction and operation is variously referred to as
functional morphology, physiological ecology, ecomorphol-
ogy, and ecological physiology. These closely interrelated
topics draw heavily on many disciplines besides anatomy
and physiology, including physics, biomechanics, biochem-
istry, ultrastructure, structural engineering, developmental
biology, population ecology, behavior, paleontology, and of
course evolution. Our goals in this chapter are to further
explore the anatomical and physiological challenges that
arise from living in water, and to bring together and expand

upon the subject matter introduced in the preceding chap-
ters. We will focus on two general tasks in this chapter —
locomotion and feeding — for examples of the intimacy and
intricacy of structure and function; additional discussions
that emphasize functional morphology can be found in
several other chapters (e.g., Chapters 9, 18-20). We can
only literally skim the surface of this fascinating, interdis-
ciplinary topic and we strongly encourage interested readers
to pursue the additional and more detailed information
available in the cited references and suggested readings at
the end of the chapter.

... the gap between the swimming fish and the scientists
is closing, but the fish is still well ahead.
Lindsey (1978, p. 8)

Body shape and locomotory behavior in fishes are deter-
mined by the extreme density of water. Locomotory adap-
tations in terrestrial and flying animals strongly reflect a
need to overcome gravity. Body and appendage shape in
fishes in contrast reflects little influence of gravity because
gas bladders or lipid-containing structures make most fishes
neutrally buoyant (see Chapter 5, Buoyancy regulation).
Fish locomotion is more constrained by the density of water
and the drag exerted by it (Videler 1993).

Water is about 800 times more dense and 50 times more
viscous than air. Locomotion through this dense, viscous
medium is energetically expensive, a problem exacerbated
by the 95% reduction in oxygen-carrying capacity of water
as compared to air (see Chapter 5, Water as a respiratory
environment). The chief cause of added energetic cost is
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drag, which has two components, viscous or frictional drag
involving friction between the fish’s body and the surround-
ing water, and inertial or pressure drag caused by pressure
differences that result from displacement of water as the
fish moves through it. Viscous drag is not affected greatly
by speed but more by the smoothness of a surface and by
the amount of surface area, which is linked to body and fin
shape; production of mucus reduces viscous drag. Inertial
drag increases with speed and is therefore also intimately
linked to body shape. Most fast-swimming fishes have a
classic streamlined shape that minimizes both inertial and
viscous drag. A streamlined body is round in cross-section
and has a maximum width equal to 25% of its length. The
width : length ratio is 0.26 in some pelagic sharks, 0.24 in
swordfish, and 0.28 in tunas. The thickest portion of a
streamlined body occurs about two-fifths of the way back
from the anterior end, another rule followed by large
pelagic predators. Interestingly, these same streamlined
fishes are also slightly negatively buoyant and hence sink if
they cease swimming. They often have winglike pectoral
fins that are extended laterally at a positive attack angle,

Figure 8.1

Backbone
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thus generating lift (except sharks, see below). They mini-
mize drag by retracting paired and median fins into depres-
sions or even grooves in the body surface; a sailfish houses
its greatly expanded dorsal fin “sail” in a groove on its
dorsal surface during fast swimming (Hertel 1966; Hilde-
brand 1982; Pough et al. 2001).

Most fishes swim by contracting a series of muscles on
one side of the body and relaxing muscles on the other.
The muscle blocks, called myomeres, attach to collagenous
septa which in turn attach to the backbone and skin
(Fig. 8.1). Depending on the swimming form involved (see
below), contractions may progress from the head to the tail
or occur on one side and then the other. The result of the
contractions is that the fish’s body segments push back on
the water. Given Newton’s Third Law of Motion concern-
ing equal and opposite forces, this pushing back produces
an opposite reactive force which thrusts the fish forward.
Forward thrust results from combined forces pushing
forward and laterally; the lateral component is cancelled by
a rigid head and by median fins and in some cases by a deep
body that resists lateral displacement.

Skin

Median septum

Epaxial horizontal
septum

Neural spine

Main horizontal
septum

Centrum

Hypaxial horizontal
septum

Myoseptum

Reactive
force

The anatomy of swimming in teleosts. (A) Lateral view of a Spotted Sea Trout, Cynoscion nebulosus, with the skin dissected away to show the location

of two myomeres on the left side. (B) The same myomeres as they appear relative to the backbone in a sea trout. The hatched region is the part of the
myomere located closest to the skin, the dashed line shows the interior portion of the myomere where it attaches to the vertebral column. The anterior and
posterior surface of each myomere is covered by a myoseptum made of collagen fiber in a gel matrix, shown as a slightly thickened line. (C) Cross-section
of a generalized teleost near the tail, showing the distribution of the various septa and their relationship to the backbone. Myosepta join to form median

and horizontal septa. (D) How contractions produce swimming in a generalized fish (an eel is shown here). Progressive, tailward passage of a wave of
contractions from the head to the tail push back on the water, generating forward thrust as one component of the reactive force. Sideways slippage (lift)
is overcome by the inertia of the large surface area presented by the fish’s head and body. After Wainwright (1983) and Pough et al. (1989).
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Locomotory types

A general classification of swimming modes or types among
fishes has been developed, building on the work of Breder
(1926), Gray (1968), Lindsey (1978), and Webb (1984;
Webb & Blake 1985). The chief characteristics of the dif-

ferent types are how much of and which parts of the body
are involved in propulsion and whether the body or the fins
undulate or oscillate. Undulation involves sinusoidal waves
passing down the body or a fin or fins; oscillation involves
a structure that moves back and forth (Table 8.1). About
one dozen general types are recognized: anguilliform,

Table 8.1

Form, function, and locomotion in fishes. About 12 generalized types of swimming are recognized among fishes. The body part or fin providing propulsion is indicated by
cross-hatching; the density of shading denotes relative contribution to propulsion. These locomotory patterns correlate strongly with body shape, habitat, feeding ecology,
and social behavior. Convergence among unrelated fishes in terms of body morphology, swimming, and ecology demonstrates the evolutionary interplay of form and
function. See Lindsey (1978), Beamish (1978), Webb and Blake (1985), and Pough et al. (2001) for details. Line drawings from Lindsey (1978); used with permission.

Via trunk and tail

Swimming type

Via tail Via fins
Subcarangiform® Tetraodontiform Rajiform"
Carangiform Balistiform Amiiform
Anguilliform Thunniform Ostraciiform Diodontiform® Gymnotiform Labriform®
& 50 = e
Q-
Representative Eels, some sharks, Salmon, jacks, mako | Boxfish, mormyrs, Triggerfish, ocean Rays, Bowfin, Wrasses, surfperch
taxa many larvae shark, tuna torpedo ray sunfish, porcupingfish knifefishes
Propulsive force | Most of body Posterior half of body | Caudal region Median fin(s) Pectorals, median fins | Pectoral fins
Propulsive form | Undulation Undulation Oscillation Oscillation? Undulation Oscillation
Wavelength 0.5 to >1 wavelength | <1 (usually <0.5) >>1 wavelength
wavelength
Maximum speed | Slow-moderate 2 Very fast — moderate | Slow? Slow? Slow to moderate 0.5 | Slow 4
bl/s 10-20
Body shape:
lateral view Elongate Fusiform Variable Variable Elongate Variable
cross-section | Round Round Often deep Often flat
Caudal fin aspect | Small Medium to large Large Small to medium Variable Large
ratio Medium to low Low to high Low Low Low Low
Habitat Benthic or Pelagic, wc, schooling | Variable wC Suprabenthic structure
suprabenthic associated

bl/s, body lengths per second attainable; wc, up in water column.

¢Labriform swimmers use the pectorals for slow swimming, but use the
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?In subcarangiform types (salmons, cods) the posterior half of the body is used,
carangiform swimmers (jacks, herrings) use the posterior third, and thunniform or
modified carangiform swimmers (tunas, mako sharks) use mostly the caudal
peduncle and tail (see text).

®Rajiforms (skates, rays) swim with undulating pectoral fins, amiiforms (Bowfin)
undulate the dorsal fin, and gymnotiform swimmers (South American knifefishes,
featherfins) undulate the anal fin.

subcarangiform or carangiform mode for fast swimming.
“Balistiform and diodontiform swimming is intermediate between oscillation and
undulation; porcupinefishes also use their pectoral fins.
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subcarangiform, carangiform, modified carangiform
(= thunniform), ostraciiform, tetraodontiform, balistiform,
rajiform, amiiform, gymnotiform, and labriform; some of
these are additionally subdivided. The names apply to the
basic swimming mode of particular orders and families,
although unrelated taxa may display the same mode, and
many fish use different modes at different velocities.

The first four types involve sinusoidal undulations of the
body. Anguilliform swimming, seen in most eels, dogfishes,
other elongate sharks, and many larvae occurs in fishes with
very flexible bodies that are bent into at least one-half of
a sine wave when photographed from the dorsal view
(Table 8.1). All but the head contributes to the propulsive
force (Muller et al. 2001). As a wave proceeds posteriorly
it increases in amplitude. The speed (frequency) of the wave
remains constant as it passes down the body and always
exceeds the speed of forward movement of the fish because
of drag and because of energy lost to reactive forces that
are not directed forward (see above). To swim faster, faster
waves must be produced. Anguilliform swimmers are com-
paratively slow because of their relatively long bodies and
involvement of anterior regions in propulsion; the same
segments that push back on the water also waste energy by
pushing laterally and also create drag because water pushes
on these bent sections as the fish moves forward. Anguilli-
form swimming has its compensating advantages, including
a greater ability to move through dense vegetation and
sediments and to swim backwards (D’Aout & Aerts 1999).
Anguilliform swimming in larval fishes, including such
species as herrings that use carangiform swimming as adults,
probably occurs because the skeleton of early larvae is unos-
sified and the fish is exceedingly flexible and anatomically
constrained from employing other modes (see Chapter 9,
Larval behavior and physiology).

To get around the self-braking inherent during anguilli-
form swimming, faster swimming fishes involve only pos-
terior segments of the body in wave generation, using
ligaments to transfer force from anterior body musculature
to the caudal region. The progression of types from sub-
carangiform (trout, cod) through carangiform (jacks, her-
rings) to modified carangiform or thunniform (mackerel
sharks, billfishes, tunas) entails increasing involvement of
the tail and decreasing involvement of the anterior body in
swimming. One major advance in the carangiform and
thunniform swimmers is the existence of a functional hinge
that connects the tail to the caudal peduncle. This hinged
coupling allows the fish to maintain its tail at an ideal attack
angle of 10-20° through much of the power stroke. In
anguilliform and subcarangiform swimmers, this angle
changes constantly as the tail sweeps back and forth, pro-
ducing less thrust at low angles and creating more drag at
greater angles.

Thunniform swimmers also typically have a tail that
originates from a narrow peduncle (= narrow necking) that
is often dorsoventrally depressed and may even have lateral
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keels that streamline it during side-to-side motion. Narrow
necking creates an overall more streamlined shape to the
body and also reduces viscous drag and lateral resistance in
a region of the body where they tend to be highest. The
tail itself is stiff and sickle-shaped, being very narrow while
quite tall. A tail with such a large height:width ratio,
referred to as a high aspect ratio tail, experiences minimal
drag and is ideal for sustained swimming: the shape reduces
viscous drag by reducing surface area and reduces inertial
drag by having pointed tips which produce minimal vorti-
ces at their tips. The efficiency of the system is increased
by tendons that run around joints in the peduncle region
and insert on the tail, the joints serving as pulleys that
increase the pulling power of the muscle-tendon network.
The thunniform mode of propulsion, involving a stream-
lined shape, narrow necked and keeled peduncle, and high
aspect ratio tail, has evolved convergently in several fast-
swimming, pelagic predators, including mackerel sharks,
tunas, and billfishes, as well as porpoises and dolphins
and the extinct reptilian ichthyosaurs. The fish and mam-
malian groups at least are also endothermic to some degree
(Lighthill 1969; Lindsey 1978; Pough et al. 2001). Higher
speed, sustained swimming in the mackerel sharks and
tunas is also made possible by the large masses of red
muscle along the fish’s sides (see Chapter 4, White muscle
versus red muscle). Location of the red muscle close to the
fish’s spine allows the body to remain fairly rigid and also
permits the retention of heat generated by muscle contrac-
tion. Hence thunniform swimming and endothermy are
tightly linked.

Low aspect ratio, broad, flexible tails, such as those
found in subcarangiform minnows, salmons, pikes, cods,
and barracudas are better suited for rapid acceleration from
a dead start and can also aid during hovering by passing
undulations down their posterior edge. Intrinsic muscles
associated with the tail in low aspect ratio species help
control its shape. Rainbow Trout are able to increase the
depth and hence produce a higher aspect ratio tail during
high-speed swimming. Fast start predators, such as gars,
pikes, and barracudas, hover in the water column and then
dart rapidly at prey. These unrelated fishes have converged
on a body shape that concentrates the propulsive elements
in the posterior portion of the body: the dorsal and anal
fins are large and placed far to the posterior, the caudal
peduncle is deep, and the tail has a relatively high aspect
ratio. Maximum thrust from a high-amplitude wave con-
centrated in the tail region allows for rapid acceleration
from a standing start (see Fig. 19.1).

Ostraciiform swimming, as seen in boxfishes and torpedo
rays, is extreme in that only the tail is moved back and forth
while the body is held rigid; the side-to-side movement of
the tail is more an oscillation than an undulation. In the
weakly electric elephantfishes, body muscles pull on tendons
that run back around bones in the caudal peduncle region
and insert on the tail, causing the fish to swim with jerky
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tail beats. Such an arrangement is thunniform in anatomy
but more ostraciiform in function. Weakly electric fishes,
such as the elephantfishes and South American knifefishes
mentioned below, often have devices for keeping their
bodies straight while swimming. This relative inflexibility
probably minimizes distortion of the electric field they
create around themselves (see Chapter 6, Electroreception).
Ostraciid boxfishes carry this type of swimming to its
extreme, having a rigid dermal covering that extends back
to the peduncle area. Although a rigid, boxlike body pro-
pelled by a caudal fin seems an ungainly, even unlikely,
means of getting around a coral reef, these active swimmers
are elegantly constructed for dealing with water that flows
past their bodies as they move or encounter currents. The
flat surfaces and angular shelves and projections of the
boxlike carapace generate vortices that counteract pitching
and yawing that result from water flow, without active cor-
rection by fins, tail, or gas bladder. In fact, all of the “unfish-
like” morphological features of the boxfish’s box contribute
to hydrodynamic stability (Bartol et al. 2005) (Fig. 8.2).
The last five swimming types employ median and paired
fins rather than body-tail couplings. Tetraodontiform and
balistiform swimmers (triggerfishes, ocean sunfishes) flap
their dorsal and anal fins synchronously; their narrow-
based, long, pointed fins function like wings and generate
lift (forward thrust) continuously, not just during half of
each oscillation. Rajiform swimmers hover and move slowly
via multiple undulations that pass backwards or forwards
along the pectoral fins of skates and rays; in amiiform

Dorsal keel

Lateral
convexity

Lateral
concavity

Ventral concavity Ventral convexity

Figure 8.2
Anterior, posterior, and lateral views of a Smooth Trunkfish Lactophrys

triqueter, showing its unusual body shape and protrusions, all which
aid in hydrodynamics. After Bartol et al. (2003).

swimmers, undulations pass along the dorsal fin (Bowfin,
African osteoglossomorph Gymnarchus, seahorses), whereas
in gymnotiform swimming, undulations pass along the anal
fin (South American and African knifefishes or featherfins).
Rajiform and related swimming modes are slow but allow
for precise hovering, maneuvering, and backing. The fre-
quency with which waves pass along a fin can be very high,
reaching 70 Hz in the dorsal fin of seahorses. Labriform
swimmers (chimaeras, surfperches, wrasses, parrotfishes,
surgeonfishes) row their pectoral fins, pushing back with
the broad blade, then feathering it in the recovery phase.
As some negative lift is generated during the recovery
phase, these fish often give the impression of bouncing
slightly as they move through the water. If rapid accelera-
tion or sustained fast swimming is needed, labriform swim-
mers, as well as many other fin-based locomotors, shift to
carangiform locomotion.

Three final aspects of locomotory types deserve mention.
First, the distinctiveness of the different locomotory types
suggests that they are specializations, and specialization for
one function usually produces compromises in other func-
tions. Fishes that specialize in efficient slow swimming or
precise maneuvering usually employ undulating or oscillat-
ing median fins. The long fin bases necessary for such pro-
pulsion (e.g., Bowfin, knifefishes, pipefishes, cutlassfishes)
require a long body, which evolves at a cost in high-speed,
steady swimming. Low-speed maneuverability can also be
achieved with a highly compressed (laterally flattened),
short body that facilitates pivoting, as found in many fishes
that live in geometrically complex environments such as
coral reefs or vegetation beds (e.g., freshwater sunfishes,
angelfishes, butterflyfishes, cichlids, surfperches, rabbit-
fishes; see Drucker & Lauder 2001). These fishes typically
have expanded median and paired fins that are distributed
around the center of mass of the body and can act inde-
pendently to achieve precise, transient thrusts, a useful
ability when feeding on attached algae or on invertebrates
that are hiding in cracks and crevices. But a short, com-
pressed body means reduced muscle mass and poor stream-
lining, whereas large fins increase drag. Again, such fishes
achieve maneuverability but sacrifice rapid starts and sus-
tained cruising. Relatively poor fast-start performance may
be compensated for by deep bodies and stiff spines, which
make these fishes difficult to swallow (see Chapter 20,
Discouraging capture and handling); they also typically live
close to shelter. At the other extreme, thunniform swim-
mers have streamlined bodies, large anterior muscle masses,
and stiff pectoral and caudal fins that are extremely hydro-
dynamic foils. They trade-off exceptional cruising ability
against an inability to maneuver at slow speeds. Although
specialists among body types can be identified, optimal
design for one trait — sustained cruising, rapid acceleration,
or maneuverability — tends to reduce ability in the other
traits. Because most fishes must cruise to get from place to
place, must accelerate and maneuver to eat and avoid being
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eaten, “the majority of fishes are locomotor generalists
rather than locomotor specialists” (Webb 1984, p. 82).

Second, this generalist strategy means that few fishes use
only one swimming mode. Many fishes switch between
modes depending on whether fast or slow swimming or
hovering is needed. In addition, most fishes have median
fins that can be erected or depressed, adding a dynamic
quality to their locomotion. A Largemouth Bass can erect
its first dorsal and anal fins to gain thrust during a fast-start
attack, then depress these fins while chasing a prey fish to
reduce drag, then erect them to aid in rapid maneuvering.
Most groups, with the exception of the thunniform swim-
mers, are capable of hovering in midwater by sculling
with their pectoral fins or by passing waves vertically along
the caudal fin. When hovering, some forward thrust is
generated by water exhaled from the opercles; this force is
countered by pectoral sculling. The fin movement involved
in hovering may be difficult to detect, both by human
observers and potential prey, because fishes that use these
techniques often possess transparent pectoral fins.

Third, not all fishes fit neatly into one of these catego-
ries, and many additional categories can and have been
erected to accommodate variations among taxa (see Lindsey
1978, Webb & Blake 1985, Videler 1993, and Blake 2004
for more complete and alternative categorizations, and see
below on sharks).

Specialized locomotion

Among the more interesting variations on locomotory type
are fishes that have abandoned swimming for other means
of getting around. A number of species walk along the
bottom of the sea or leave the water and move about on
land; these fishes have bodies that depart from a stream-
lined shape. Searobins (Triglidae) move lightly across sand
bottoms using modified pectoral rays that extend out from
the fin webs. They give the appearance of someone tip-
toeing on many moving fingers; dactylopterid flying
gurnards similarly tiptoe but use modified pelvic rays
instead. Antennarioid frogfishes and batfishes pull them-
selves along the bottom by moving their modified pectoral
and pelvic fins; their forward motion is aided by jet propul-
sion of water out their backward-facing, constricted oper-
cles (Pietsch & Grobecker 1987). Australian handfishes
(Brachionichthyidae), which get their common name
because their pectoral fins are modified into an armlike
appendage with an elbow and fingers, also use pectoral and
pelvic fins to walk (Bruce et al. 1998).

Fishes are not restricted to spending all their time in
water, and some actually move about on land (Sayer 2005).
Terrestrial locomotion is accomplished in a variety of ways.
Climbing perches use paired fins and spiny gill covers to
ratchet themselves along, whereas snakeheads row with
their pectoral fins. So-called “walking catfishes” move
across land by lateral body flexion combined with pivoting
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on their stout, erect pectoral spines. Mudskippers swing
their pectoral fins forward while supporting their body on
the pelvic fins. They then push forward with their pectoral
fins, like a person on crutches. Rapid leaps of 30-40 cm
are accomplished by coordinated pushing of the tail and
pectoral fins. Their unique pectoral fins are roughly con-
vergent with the forelimbs of tetrapods, including an upper
arm consisting of a rigid platelike region and a fanlike
forearm and plantar surface (Gray 1968). Some species
with anguilliform movement (moray and anguillid eels) are
able to move across wet land employing their normal loco-
motion, which is analogous to the “serpentiform” terres-
trial and aquatic movements of most snakes (Chave &
Randall 1971; Lindsey 1978; Ellerby et al. 2001).

Aerial locomotion grades from occasional jumping to
gliding to actual flapping flight. Many fishes jump to catch
airborne prey (trout, Largemouth Bass); meter-long arawa-
nas (Osteoglossidae) can leap more than a body length
upward and pluck insects and larger prey, including bats,
from overhanging vegetation. Other fishes take advantage
of the greater speeds achievable in air: needlefishes, mack-
erels, and tunas leave the water in a flat trajectory when
chasing prey, and salmon leap clear of the water when
moving through rapids or up waterfalls. Hooked fish jump
and simultaneously shake their heads from side to side in
an attempt to throw the hook; such oscillation is less con-
strained by drag in air than in water and therefore allows
more rapid and forceful to-and-fro movement. Prey such
as minnows, halfbeaks, silversides, mullets, and Bluefish
jump when being chased.

Fishes capable of flight include gliders such as the exo-
coetid flyingfishes and pantodontid butterflyfishes, as well
as gasteropelicid hatchetfishes, which purportedly vibrate
their pectoral wings to generate additional lift (Davenport
1994; see Chapter 20, Evading pursuit). The anatomy of
the marine flyingfishes is highly modified for flying. The
body is almost rectangular in cross-section, the flattened
ventral side of the rectangle providing a planning surface
that may aid during take-off. The ventral lobe of the caudal
fin is 10-15% larger in surface area than the dorsal lobe
and is the only part of the body in contact with the water
during taxiing. The pectoral fins are supported by enlarged
pectoral girdles and musculature. The pectoral fins differ
from normal teleost fins in the shape of and connections
between the lepidotrichia, and the pectoral fin rays are
thickened and stiffened, giving the leading, trailing, dorsal,
and ventral surfaces more of a winglike than a finlike con-
struction. In some flyingfishes, pelvic fins also contribute
lift and are appropriately modified.

Some other atheriniform fishes such as needlefishes and
halfbeaks also propel themselves above the water’s surface
by rapidly vibrating their tail, the lower lobe of which is the
only part still in the water. Some halfbeaks have relatively
large pectoral fins and engage in gliding flight. Gradations
of pectoral fin length and lower caudal lobe strengthening
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and lengthening among atheriniforms provide a good
example of apparent steps in the evolution of a specialized
trait, namely flying (Lindsey 1978; Davenport 1994).

Swimming in sharks: the
alternative approach

Different fish lineages have evolved a variety of solutions
to the challenges of locomotion in water. In the process,
mutually exclusive specializations for cruising, rapid starts,
or maneuverability have arisen (see above). The fossil
record indicates that similar body morphologies and an
apparent trend toward increasing concentration of activity
in the tail region have appeared repeatedly during osteich-
thyan evolution (Webb 1982; see Chapter 11). These pat-
terns and trends all capitalize on the substantial stresses that
can be placed on a rigid, bony skeleton and the forces
achievable by muscle masses attached directly or indirectly
to bony structures. Elasmobranchs are, however, phyloge-
netically constrained by a relatively flexible and compara-
tively soft cartilaginous skeleton. Evolution of locomotion
in chondrichthyans has, not surprisingly, taken a different
albeit parallel path.

Most elasmobranches swim via undulations, either of
the body (sharks) or of the pectoral fins (skates and rays).
Most sharks swim using anguilliform locomotion, although
the amplitude of each wave in the caudal region is greater
in swimming sharks than in eels. This exaggerated sweep
of the posterior region probably capitalizes on the increased
thrust available from the large heterocercal tail of a shark.
Exceptions to anguilliform swimming include the pelagic,
predatory mackerel sharks, which have converged in body
form and swimming type with tunas, dolphins, and ich-
thyosaurs (see above). Skates and rays also undulate, passing
undulations posteriorly along the pectoral fins while the
body is held relatively rigid. The exception in this group
is the torpedo rays, which differ in that they have an
expanded tail fin and swim via ostraciiform oscillations. In
these strongly electrogenic rays, the pectoral region is una-
vailable for swimming because it is modified for generating
electricity.

The mechanics of swimming in sharks are fascinating
and somewhat controversial. Three topics have received
the most attention, involving the functions of the median
fins, skin, and tail during locomotion. Despite anguilliform
movement, most sharks are active, cruising predators with
relatively streamlined bodies. This would seem anomalous
given the relatively low efficiency of the anguilliform mode
and the apparent incompatibility of a fusiform body bent
into long propulsive waves. However, sharks enhance the
efficiency of their swimming mode in several ways.

Most sharks have two dorsal fins, the first usually larger
than the second, separated by a considerable gap. The
dorsal lobe of the pronounced heterocercal tail may be

thought of as a third median fin in line with the dorsal fins,
again separated from the second fin by a considerable gap.
The distances between the three fins are apparently deter-
mined by the size of the fins, their shapes, and the wave-
form of swimming of the fish. Each fin tapers posteriorly,
leaving behind it a wake as it moves through the water. This
wake is displaced laterally by the sinusoidal waves passing
down the fish, so the wake itself follows a sinusoidal path
that moves posteriorly as the fish moves through the water.
This wave is slightly out of phase with the fish’s movements
by a constant amount.

Calculations of the phase difference and wave nature of
the wake suggest an ideal distance between fins that would
maximize the thrust of the second dorsal fin and particu-
larly of the tail. If timed correctly, the trailing fins can push
against water coming toward them laterally from the leading
fins. Such an interaction between flows would enhance the
thrust produced by the trailing fin. Measurements of swim-
ming motions and fin spacing in six species of sharks
indicate just such an interaction (Webb & Keyes 1982;
Webb 1984). Unlike bony fishes that use their median fins
primarily for acceleration and braking but fold them while
cruising to reduce drag, sharks use their median fins as
additional, interacting thrusters. Sharks are not alone in this
interaction among fins. Recent studies on bluegill sunfish
indicate that the caudal fin also interacts with the vortices
produced by the soft dorsal during steady swimming, thus
providing additional thrust (Drucker & Lauder 2001).

The energy provided with each propulsive wave of mus-
cular contraction is additionally aided by an interaction
between the skin and the body musculature of a shark. The
skin includes an inner sheath, the stratum compactum,
made up of multiple layers of collagen fibers that are
mechanically similar to tendons. The fibers form layers of
alternately oriented sheets that run in helical paths around
the shark’s body, thus creating a cylinder reinforced with
wound fibers, an exceptionally strong and incompressible
— but readily bendable - structure (Motta 1977,
Wainwright 1988b).

Inside the skin, hydrostatic pressure varies as a function
of activity level. The faster the shark swims, the higher the
internal hydrostatic pressure. Pressure during fast swim-
ming is about 10 times what it is during slow swimming,
ranging between 20 and 200 kPa (kilopascals: 1 Pa=1 J/m?
= 1 kg/m/s?). Internal hydrostatic pressure develops from
unknown sources, probably due to changes in the surface
area of contracting muscles relative to skin area and to
changes in blood pressure in blood sinuses that are sur-
rounded by muscle. The shark’s body is therefore a pres-
surized cylinder with an elastic covering.

During swimming, the higher the internal pressure, the
stiffer the skin becomes, which increases the energy stored
in the stretched skin. Body muscles attach via collagenous
septa not just to the vertebral column but also to the inside
of the skin (for this reason, it is exceptionally difficult to
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remove the skin from the muscle of a shark). As the muscles
on the right side of the body contract, muscles and skin on
the left side are stretched. The stretched skin is very elastic,
but stretched muscle is less so. As muscles on the right side
relax, the energy stored in the skin on the left side is
released, aiding muscles on the left side at a point when
they can provide relatively little tension. Therefore, the
skin may act in initiating the pull of the tail across the
midline and increase the power output at the beginning of
the propulsive stroke.

The faster the shark swims, the greater the elastic recoil
from the stretched skin. Muscles attach to the relatively
narrow vertebral column of calcified cartilage but also
attach to the much larger surface area of stiff, elastic skin
that encompasses the shark from head to tail and in essence
forms a large, cylindrical, external tendon. The helically
arranged fibers of the dermis extend onto the caudal pedun-
cle and caudal fin, adding rigidity to both and perhaps
storing elastic energy during each swimming stroke
(Lingham-Soliar 2005). Muscles pulling on the skin provide
propulsive energy that probably exceeds the thrust derived
from muscles attached to the vertebral column (Wainwright
et al. 1978; Wainwright 1983).

Most of the power in shark swimming comes from the
tail, but this tail is not symmetrical as it is in most bony
fishes. The heterocercal tail, with its expanded upper lobe,
would seem to provide a lifting force to the posterior end
of the body during horizontal locomotion. This lift should
cause the body to rotate around its center of mass, plunging
the anterior end in a perpetual dive (Fig. 8.3). One long-
held explanation is that the flat underside of the head and
the broad stiff pectoral fins create lift at the anterior end
to counteract the downward force. However, it seems inef-
ficient for the tail and the pectoral fins to function against
each other, the tail propelling and the pectoral fins continu-
ally braking the shark’s progress. Given the 400-million-
yearsuccess of elasmobranchsand the widespread occurrence
of heterocercal tails in many previously speciose lineages
of both bony and cartilaginous fishes, it is hard to imagine
that heterocercal tails are inherently inefficient. This appar-
ent dilemma has prompted an ongoing search for mecha-
nisms that promote relatively straightforward propulsion.

The search has turned into something of a debate. The
classic model, as described above, proposes that the tail
pushes back and down, creating a reactive force that causes
rotation around the center of mass that is countered by
head shape and pectoral fins. An alternative explanation,
based on interpretations of photographs and selective
amputation of fin parts of tails held in a test apparatus
(Simons 1970; Thomson 1976, 1990), suggests that forward
thrust is generated through the center of mass by differen-
tial movements of the upper and lower lobes of the tail (Fig.
8.3B). The classic model appears to be the most accurate
description and is supported by video analysis (such as
digital particle image velocimetry) and dye-tracer studies
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Fwater

Figure 8.3

The two competing models that explain how horizontal locomotion is
accomplished in sharks. (A) The modified classic model interprets the
shape of the heterocercal tail as generating a downward and backwards
thrust (Fuaer), lifting the tail up (Fii); these produce a resultant force
(Freaction) that moves the body upwards and forwards. The flattened
ventral profile of anterior body regions also provides lift (Foody). Freaction
plus Fyqy counter the shark’s tendency to sink because of its negative
buoyancy (Fyegn). The result is horizontal swimming. (B) In the
alternative Thomson model, the upper and lower lobes of the tail
provide counteracting forces that drive the fish directly ahead. The most
recent research supports the modified classic model. However, the
alternative model appears to explain locomotion dynamics in sturgeons,
which also have heterocercal tails but which — unlike sharks — vary the
flexibility and shape of dorsal and ventral tail lobes (Liao & Lauder
2000). After Wilga and Lauder (2002).

using free-swimming animals (Ferry & Lauder 1996). The
classic model has been modified because shape and body
angle, not pectoral lift, generate lift forces that are added
to the lift exerted by the tail (Wilga & Lauder 2002). These
forces are equal and opposite to the weight of the shark in
the water. Braking by the pectoral fins is unnecessary.
The answer to how sharks climb, dive, and turn — rather
than pivoting around their center of balance or rising in the
water column — probably lies in their ability to continually
adjust the relative angle of attack of their pectoral fins
rather than altering thrust direction resulting from tail
movement (Wilga & Lauder 2002). Maneuverability in
bony fishes usually involves deep, compressed bodies and
the use of median and pectoral fins; to accelerate, bony
fishes increase the frequency of their tail beats. Sharks, with
their streamlined bodies and relatively rigid fins, have taken
a different evolutionary path to achieve maneuverability
that may involve tail fin dynamics and paired fin adjust-
ments. Sharks change speed by altering tail beat frequency,
but they also vary tail beat amplitude and the length of the
propulsive wave passing down their body (Webb & Keyes
1982). Sharks have taken the relatively inefficient anguilli-
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form swimming mode imposed by their flexible bodies, and
combined elastic skin, rigid but carefully spaced median
fins, and a heterocercal tail that produces a constant direc-
tion of thrust to achieve an efficient compromise between
cruising, acceleration, and maneuverability. The actual
mechanics of swimming in sharks and bony fishes is still a
matter of debate and research, but our growing understand-
ing underscores the intricacies and importance of locomo-
tory adaptations in fishes.

Adaptations concerned with feeding clearly involve struc-
tures used in food acquisition and processing, such as jaw
bones and muscles, teeth, gill rakers, and the digestive
system. Less obvious, but also important, are morphologi-
cal adaptations in eye placement and function, body shape,
locomotory patterns, pigmentation, and lures. The func-
tional morphology of feeding deserves detailed exploration
because of its intimate linkage to all aspects of fish evolu-
tion and biology.

For many fishes, a simple glance at jaw morphology,
dentition type, and body shape allows accurate prediction
of what a fish eats and how it catches its prey. Small fishes
with fairly streamlined and compressed bodies, forked tails,
limited dentition, and protrusible mouths that form a circle
when open are in all likelihood zooplanktivores. This
generalization holds for fishes as diverse as osteoglossi-
form mooneyes, clupeomorph herrings, ostariophysine
minnows, and representative acanthopterygian groupers
(e.g., Anthias), snappers (Caesio), bonnetmouths (Inermia),
damselfishes (Chromis), and wrasses (Clepticus). Large,
elongate fishes with long jaws studded with sharp teeth for
holding prey, and with broad tails adjoined by large dorsal
and anal fins set far back on a round body are piscivores
that ambush their prey from midwater with a sudden lunge
(see Chapter 19). An alternative piscivorous morphology
includes a more robust, deeper body, with fins distributed
around the body’s outline, and a large mouth with small
teeth for short chases and engulfing prey; this is the “bass”
morphology of many acanthopterygian predators such as
kelp basses, Striped Bass, seabasses, black basses, and
Peacock Bass, all in different families.

Generalized body shapes in predators do not exclude
highly successful specialists that have arrived at very differ-
ent solutions to catching mobile prey. Examples include
lie-in-wait and luring predators (goosefishes, frogfishes,
scorpionfishes, stonefishes, flatheads, death-feigning cich-
lids), cursorial predators that run down their prey (needle-
fishes, Bluefish, jacks, mackerels, billfishes), electrogenic
predators that shock prey into immobility (torpedo rays,
electric eels), or fishes with either an elongate anterior or

posterior region for slashing and incapacitating prey
(thresher sharks, sawfishes, billfishes).

A strong correspondence between morphology and
predictable foraging habits exists in most other trophic
categories, including herbivores (browsers, grazers, phyto-
planktivores), scavengers, mobile invertebrate feeders,
sessile invertebrate feeders, and nocturnal planktivores, to
name a few. Convergent solutions to similar selection pres-
sures are a striking characteristic of the foraging biology of
fishes (Keast & Webb 1966; Webb 1982).

Our emphasis here will be on the functional morphology
of structures directly responsible for engulfing and process-
ing food. Moderate detail is provided, but we can only
superficially discuss the diversity in structure, action, and
interconnection among the 30 moving bony elements and
more than 50 muscles that make up the head region of most
fishes.

Jaw protrusion: the great
leap forward

Jaws evolved in fishes. The major difference between ver-
tebrates and invertebrates is not so much the development
of an ossified and constricted backbone; coelacanths, lung-
fishes, and sturgeons all lack distinct vertebral centra. The
real advance that undoubtedly drove vertebrate evolution
was the assembly of closable jaws used in feeding. The
mechanics of jaw function and adaptive variation in jaw
elements tell us a great deal about both how fishes feed and
how fishes evolved.

As will be discussed in Chapter 11, one of the major
advances made by, but not exclusive to, higher teleosts is
the ability to protrude the upper jaw during feeding. Jaw
protrusion makes possible the pipette mouth of the higher
teleosts. Pipetting creates suction forces that can pull items
from as far away as 25-50% of head length. Jaw protrusion
also functions to overtake a prey item, extending the
food-getting apparatus around the prey faster than the
predator can move its entire body through the water. Attack
velocity may thus be increased by up to 40%. As many as
15 different functions and advantages have been postulated
for the protrusible jaw of teleosts. These advantages gener-
ally involve increased prey capture ability and efficiency but
also suggest that antipredator surveillance and escape ability
may be enhanced (Lauder & Liem 1981; Motta 1984;
Ferry-Graham & Lauder 2001).

The elements involved in jaw protrusion include the
bones of the jaw (premaxilla, maxilla, mandible), ligamen-
tous connections of these bones to the skull and to each
other (premaxilla to maxilla, ethmoid, and rostrum; maxilla
to mandible, palatine, and suspensorium; mandible to sus-
pensorium), and several muscles, notably the expaxials,
levator operculi, hypaxials, adductor mandibulae, and
levator arcus palatini (Fig. 8.4).
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Figure 8.4

Opening, protrusion, and closing of the jaw in most
percoids. (A) Jaw opening involves three major
couplings of muscles, ligaments, and bones: 1,
epaxial muscles that lift the cranium; 2, levator
operculi muscles that move the opercular bones up
and out and help depress the mandible; and 3,
hypaxial muscles that depress the mandible via
actions of the hyoid apparatus. (B) Electrical activity
of different muscles groups as measured during four
phases of jaw opening and closing. Blackened bars
represent major muscle activity, cross-hatched bars
indicate occasional activity. Abductors move bones
outward, adductors move bones inward. (C) The
sequence of events during the opening and closing of
the jaw of a cichlid, Serranochromis: 1, preparatory;
2-4, expansion; 5-6, compression. (A, B) slightly B)
adapted from Lauder (1985); (C) from Lauder (1985),

after Liem (1978), used with permission.
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During jaw protrusion, the entire jaw moves forward
and slightly up or down. Protrusion in a generalized per-
comorph occurs as the cranium is lifted by the epaxial
muscles and the lower jaw is depressed by muscles associ-
ated with the opercular and hyoid bone series. Movement
of the mandible causes the maxillary to pivot forward, the
suspensorium (the hinge joint that suspends the lower jaw
from the cranium) contributing to maxillary rotation. The
descending process of the premaxilla is connected to the
lower edge of the maxilla, so the premaxilla is pushed
forward, its ascending process sliding forward and down
the rostrum. The jaw is closed through the actions of the
adductor mandibulae muscle on the mandible, the levator
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on the hyoid apparatus. Many variations on this simplified
description exist, differing among taxa in terms of twisting
of jaw bones, points of attachment and pivot between
structures, inclusion of other small bony elements, and
actions of muscles and ligaments on particular elements
(Motta 1984).

Jaw protrusion creates rapid water flow that carries
edible particles, both small and large, into the fish’s mouth.
Suction velocity increases from 0 m/s to as much as
12 m/s in as little as 0.02-0.03 s (Osse & Muller 1980;
Ferry-Graham et al. 2003). Fishes that feed on such differ-
ent prey as phytoplankton, zooplankton, macroinverte-
brates, and other fishes utilize suction to capture prey; the
larger the object, the more suction pressure must be pro-
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duced to capture it. Suction feeding, also known as inertial
suction, results from rapid expansion of the buccal (mouth)
cavity, which creates negative pressure in the mouth relative
to the pressure outside the mouth. Particles in the water
mass ahead of the fish are carried into the mouth along with
the water. The jaws then close, pushing the water out the
gill covers but retaining the prey in the mouth. Gill rakers,
jaw teeth, and teeth on various non-marginal jaw bones
(palate, vomer, tongue) act to mechanically prevent escape
from the opercular chamber.

Suction pressures vary during a feeding event in advanced
percomophs, increasing and decreasing four times. The
four phases of suction feeding are preparation, expansion,
compression, and recovery (Lauder 1983a, 1985).

During preparation, as the fish approaches its prey,
pressure in the buccal cavity increases as a result of
inward squeezing of the suspensorium and lifting of
the mouth floor.

The expansion phase is when maximal suction
pressure develops; the mouth is opened to full gape
via lower jaw depression, premaxillary protrusion, and
expansion of suspensory, opercular, and mouth floor
(hyoid) units. Expansion is the shortest phase during
jaw activity, requiring only 5 ms in some anglerfishes.
The negative pressures generated during expansion can
reach =800 cmH,O (0.7 atm) in the Bluegill Sunfish,
approaching the physical limits imposed by fluid
mechanics. Such rapidly achieved low pressure causes
cavitation, which involves water vapor suddenly
coming out of solution and forming small vapor-filled
cavities (the bubbles produced behind an accelerating
boat propeller result from cavitation) (Lauder 1983a).
The popping noise made during feeding by Bluegill
may result from the collapse of cavitation bubbles.
The compression phase occurs and pressure increases
as the mouth is closed by reversing the movements of
cranial bones, an activity that requires contraction of a
different set of muscles (Fig. 8.4C). The opercular and
branchiostegal valves at the back of the head open up
after the jaws close, which allows water but not prey
to flow out of the buccal and opercular cavities.

Recovery involves a return of bones, muscles, and
water pressure to their pre-preparatory positions.

Modifications of this basic plan underscore some rather
spectacular derivations that allow specialized feeding activi-
ties. In cichlids, the suspensorium and maxilla are mechani-
cally decoupled. Jaw protrusion occurs as a result of
movement of the suspensorium, independent of the maxilla.
The consequence of this decoupling of suspensorium and
maxilla is that the jaw can be protruded via four different
pathways: lifting the neurocranium, abducting the suspen-
sorium, lowering the mandible, or swinging the maxilla.
Cichlids make use of different combinations of jaw ele-

ments and protrusion pathways to feed on different prey
types or in different habitats (e.g., Waltzek & Wainwright
2003; Hulsey & De Leon 2005). High-speed motion
picture analysis of jaw action indicates that some cichlids
may use eight different feeding patterns in which they vary
their gape, biting force, and amount of jaw protrusion
depending on the prey type, location, and behavior. The
cichlid jaw is the closest that fishes have come to a prehen-
sile feeding tool. Cichlids show a diversity of foraging types
unequaled in any other fish family (Goldschmidt 1996; see
Chapter 15). It is likely that the derived trait of a decoupled
suspensorium and the resulting trophic versatility have con-
tributed greatly to their success (Liem 1978; Lauder 1981;
Motta 1984; Liem & Wake 1985).

Fishes other than cichlids have reworked the basic ele-
ments of jaw protrusion and have evolved dramatic speciali-
zations that increase attack velocity or suction. As mentioned
in Chapter 11, the Pikehead, Luciocephalus pulcher, shoots
its jaw out, increasing its attack speed from 1.3 to 1.8 m/s.
Little suction is generated during a strike. Extreme and
rapid jaw protrusion in this species involves modified ante-
rior vertebrae and massive epaxial muscles and tendons that
run from the vertebrae to the posterior part of the cranium.
Upward flexion of the head, made possible by a highly bend-
able neck, leads to extreme jaw protrusion. Other predators
have converged on analogous neck-bending abilities to
increase prey capture efficiency, including a characin and
two cyprinids (Lauder & Liem 1981).

In most fishes, suction pressure is produced via expan-
sion of the buccal cavity. A generalized perciform such as
the Yellow Perch increases its mouth cavity volume by a
factor of six, creating a negative pressure capable of sup-
porting a water column about 15 cm high. The apparent
record for volume increase is held by a small (30 cm long),
bizarre, elongate midwater fish, Stylophorus chordatus. Sty-
lophorus, among its other oddities, has a tubular mouth and
a membranous pouch that stretches dorsally from its mouth
to its braincase. During feeding, the fish throws its head
back and thrusts its tubular mouth forward. The mouth
becomes separated from the braincase by a distance of
about 1 cm, the intervening space being filled by the now
expanded membranous pouch. Mouth volume increases
almost 40-fold, creating pressures three times greater than
in the generalized perch. The fish engulfs copepods as water
rushes in at a calculated velocity of 3.2 m/s, from as far
away as 2 cm (Pietsch 1978).

Another extreme of jaw protrusion occurs in the
tropical Sling-jaw Wrasse, Epibulus insidiator (Westneat &
Wainwright 1989). Sling-jaws protrude their jaws up to
65% of their unextended head length, which is twice the
extension found in any other fish (Fig. 8.5). This extreme
protrusion is accomplished via a major reworking of many
jaw elements. Several bones in the Sling-jaw’s head have
unique sizes and shapes, including the quadrate, interoper-
cle, premaxilla, and mandible. Ligaments connecting these
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Figure 8.5
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Extreme jaw protrusion in the Sling-jaw Wrasse, Epibulus insidiator. The Sling-jaw has novel bone shapes, extreme bone and ligament rotations, and

has even invented a new ligament involved in jaw protrusion. (A) A 15 cm-long wrasse approaches its crustacean prey with its mouth in the retracted
condition. Note that the posterior extension of the lower jaw, involving the articular and angular bones, extends as far back as the insertion of the pectoral fin.
(B) During prey capture, the wrasse protrudes both its upper and lower jaws forward, extending them a distance equal to 65% of its head length. Jaw
expansion creates suction forces that draw the prey into the mouth. Positions (A) and (B) are separated by about 0.03 s. From Westneat and Wainwright

(1989), used with permission.

bones are unusually large, and a ligament found in no other
fish links the vomer to the interopercle. The modified bones
undergo extreme and in some cases unique rotations during
jaw protrusion: the lower jaw actually moves forward
during protrusion, a departure from the depression move-
ment seen in all other fishes. The Sling-jaw shoots its mouth
out at small fishes and crustaceans on coral reef surfaces,
suctioning them into its mouth. It achieves a strike velocity
of 2.3 m/s, but all of this speed is contributed by the jaw
because the fish hovers almost still in the water while
attacking prey. Extreme jaw protrusion in Sling-jaws
involves the evolution of unique bones and ligaments, but
the muscles of the jaw and skull have shapes, functions, and
sequences of activity that differ little from generalized per-
ciforms. Novel jaw function is therefore accomplished by
drastic modification of some structures and the retention
of primitive condition in others. The Sling-jaw exemplifies
a widely made observation about the evolutionary process,
that every species represents a mosaic of ancestral and
derived traits.

Suction feeding has evolved repeatedly during fish evo-
lution and occurs in many non-teleosts as well as in primi-
tive and specialized teleosts that are unable to protrude
their jaws. Elasmobranchs, including skates, rays, and such
sharks as nurse and horn sharks, can generate suction forces
as strong as —760 mmHg for feeding on buried mollusks or
lobsters in reef crevices (Tanaka 1973; Motta & Wilga
1999, 2001). Lungfishes and Bowfin among non-teleosts,
and anguillid eels, salmons, pickerels, and triggerfishes
among teleosts do not protrude their jaws but use inertial
suction for feeding; sturgeons have independently evolved
jaw protrusion and suction feeding. Suction in the non-
protruding species is often accomplished by rapid depres-
sion of the floor of the mouth. Triggerfishes and other

tetraodontiform fishes such as boxfishes can reverse this
flow and forcefully expel water from their mouths (Frazer
et al. 1991). Alternate blowing and sucking is used to
manipulate food items in the mouth during repositioning
for biting. Blowing is also used for uncovering invertebrate
prey buried in sand or for manipulating well-defended prey
items. A Red Sea triggerfish, Balistes fuscus, feeds on long-
spined sea urchins. The only spine-free region of the urchin
is the oral disk around the mouth. Triggerfishes swim up to
an urchin sitting on sand and blow a powerful jet of water
at the urchin’s base. The water stream lifts the urchin off
the substrate and rolls it over, at which point the triggerfish
bites through the now-exposed oral disk, killing the urchin
(Fricke 1973). Triggerfishes also use blowing to uncover
buried prey such as sanddollars. Blowing involves compres-
sion of the mouth via actions of muscles associated with
the opercular, mandibular, and hyoid bones (Frazer et al.
1991; Turingan & Wainwright 1993).

Pharyngeal jaws

Depression of the mouth floor also creates water flow
towards the throat, thereby helping push food items poste-
riorly. Here the prey encounter a second set of jaws, the
pharyngeal apparatus (see Chapter 11, Division Teleostei).
Pharyngeal jaws evolved from modified gill arches and their
associated muscles and ligaments. The lower pharyngeal
jaws are derived from the paired fifth ceratobranchial
bones, whereas the upper jaws consist of dermal plates
attached to the posterior epibranchial and pharyngo-
branchial bones. Both jaws bear teeth that vary depending
on the food type of the fish (see below). Dentition not only
varies functionally among species that eat different food
types, but may develop differently among individuals of a
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population as a function of the food types encountered by
the growing fish. In the Cuatro Cienegas Cichlid of Mexico,
Cichlasoma minckleyi, fish that feed on plants develop
small pappiliform pharyngeal dentition, whereas those
that feed on snails develop robust molariform dentition
(Kornfield & Taylor 1983).

In their simplest action, pharyngeal jaws help rake prey
into the esophagus. They may additionally reposition prey,
immobilize it, or actually crush and disarticulate it. These
actions involve at least five different sets of bones and
muscles working in concert, including 10 different muscle
groups and bones of the skull, hyoid region, lower jaw,
pharynx, operculum, and pectoral girdle. The main action
is the synchronous occlusion (coming together) of the
upper and lower pharyngeal jaws. In cichlids, prey is
crushed between the anterior teeth of both pharyngeal
jaws, pushed posteriorly by posterior movement of both
jaws, and then bitten by the teeth of the posterior region
of the jaws (Lauder 1983a, 1983b, 1985).

Pharyngeal pads and their function as jaws influence
feeding in another important manner. Gape limitation, the
constraint on prey size imposed by mouth size (see Box
19.2), is in part determined by oral jaw dimensions: a fish
can’t eat anything it can’t get into its mouth. But gape limi-
tation is also influenced by pharyngeal gape. If a prey item
is too large to pass through the pharyngeal jaws, it is also
unavailable to the predator. Hence many predators can
capture but not swallow a prey item because of pharyngeal
gape limitation. In small-mouthed species, such as the
Bluegill Sunfish, oral and pharyngeal gape differ only by
20-30%. But in piscivores that use oral protrusion for prey
capture, such as the Largemouth Bass, oral jaws may be
twice the size of the pharyngeal jaws, which means that
usable prey size is considerably smaller than that which can
be engulfed by the mouth. Posterior to the pharyngeal jaws
is the throat, the width of which is determined by spacing
between the cleithral bones of the pectoral girdles. Thus a
predator can only eat prey that can pass through its oral
jaws, pharyngeal jaws, and intercleithral space (Lawrence
1957; Wainwright & Richard 1995).

A crucial function of the pharyngeal apparatus in many
species is therefore to crush prey to a size small enough to
pass through the throat. Here prey morphology comes into
play, because prey that is just small enough to fit between
the pads may be too hard to crush and is thus unavailable
to the predator. This interplay of structure, function, and
the constraints created by the pharyngeal apparatus is
shown nicely in Caribbean wrasses that feed on hard-bodied
prey (Wainwright 1987, 1988a). Wrasses, along with other
“pharyngognath” fishes such as parrotfishes and cichlids,
have a highly modified pharyngeal apparatus that can crush
hard-bodied prey. The size of the muscles that move the
pharyngeal jaws differs among three species, the Clown
Wrasse (Halichoeres maculipinna), Slippery Dick (H. bivit-
tatus), and Yellowhead Wrasse (H. garnoti). In all three
species, muscle mass and pharyngeal gape increase with
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Crushing ability of the pharyngeal jaws in three related wrasses as a
function of body size. Larger wrasses can crush larger snails because
of their stronger pharyngeal jaws, and differences among species also
influence preferred food types. Clown Wrasses have relatively weak
jaws and feed on relatively soft-bodied prey, particularly when the fish
are younger. Slippery Dicks and Yellowhead Wrasses have strong jaws
and feed on shelled prey throughout their lives. After Wainwright 1988a;
fish drawing from Gilligan (1989).

increasing body size (Fig. 8.6). At any size, Clown Wrasses
have smaller pharyngeal musculature than the other two
species. Small Slippery Dicks and Yellowhead Wrasses can
crush and eat snails that are unavailable to larger clown
wrasses. Small Clown Wrasses cannot crush even small
snails. These abilities are reflected in the natural feeding
preferences of the species. Small clown wrasses feed pref-
erentially on relatively soft-bodied crabs and other inverte-
brates; they shift to snails only after attaining a body length
of 11 cm, when they eat hard-bodied prey that are smaller
than those taken by equal-sized fishes of the other two
species. Slippery Dicks and Yellowhead Wrasses feed exten-
sively on snails beginning at a relatively small fish body
length of 7 cm. Pharyngeal crushing strength accounts for
inter- and intraspecific differences in feeding habits in these
fishes; competitive interactions and optimal prey character-
istics other than shell strength have little if any influence.
As is so often the case in evolution, an adaptation opens
up opportunities that become selection pressures favoring
additional innovations. In moray eels, a remarkable modi-
fication of the pharyngeal jaws occurs. Morays develop
weak suction pressures in the mouth cavity, which limits
the rearward pushing of prey, as mentioned earlier. This is
additionally complicated by the crevices and other tight
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places where morays often feed, which constrains jaw
movements that would normally aid in swallowing. Morays
have “solved” this dilemma by developing raptorial pha-
ryngeal jaws. The upper, pharyngobranchial arch and the
lower, ceratobranchial arch are equipped with sharp, highly
recurved teeth not unlike those in the oral jaws. In the
resting position, the pharyngeal apparatus sits far back in
the throat, behind the skull. But when prey are grasped by
the oral jaws, a series of muscles project the pharyngeal
jaws far forward into the oral cavity, these jaws then grasp
the prey and retract back, pulling the prey toward the
esophagus (Mehta & Wainwright 2007).

Dentition

The prey a fish eats and how those prey are captured are
often predictable from the type of teeth the fish possesses.
Even within families, species differ considerably in their
dentition types as a function of food type and foraging
mode (e.g., butterflyfishes (Motta 1988), cichlids (Fryer &
Iles 1972), surgeonfishes (Jones 1968)). Here we focus on
general groups of foragers and how their dentition corre-
sponds to food type.

Piscivores and feeders on other soft-bodied, mobile prey
such as squid show five basic patterns of marginal (= oral
or jaw) teeth:

Long, slender, sharp teeth usually function to hold fish
(mako, sandtiger, and angel sharks, moray eels, deepsea
viperfishes, lancetfishes, anglerfishes, goosefishes). In
some groups (e.g., goosefishes, anglerfishes; also esocid
pikes), elongate dentition is repeated on the palatine or
vomerine bones. These medial teeth point backwards
and may have ligamentous connections at their base,
which allows them to be depressed as the prey is
moved toward the throat but prevents escape back
through the anterior jaws.

Numerous small, needlelike, villiform teeth occur in
elongate, surface-dwelling predators such as gars and
needlefishes, as well as in more benthic predators such
as lizardfishes and lionfishes.

Flat-bladed, pointed, triangular dentition is usually
used for cutting off prey and is found in such fishes as
requiem sharks, piranhas, barracudas, and large
Spanish mackerels. Piranhas have teeth that are
remarkably convergent in shape with those of many
sharks (Fig. 8.7). In sharks, the lateral margins of
bladelike teeth are often serrated, which enhances
their cutting function when the head is shaken or the
jaws are opened and closed repeatedly. Sharks and
piranhas, as well as other characins, have also
converged on replacement dentition. Tooth
replacement, regardless of dentition type, has evolved
repeatedly and independently among bony fishes,
occurring in brachiopterygian bichirs, amiiforms,
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Figure 8.7

Convergence in dentition among predatory fishes. The triangular, razor-
sharp teeth of a piranha, Pygocentrus nattereri, are remarkably similar
in shape and action to those of many sharks. Note the small lateral
cusps at the base of the teeth, a feature also shared with many sharks.
Piranhas also replace their teeth as do sharks, but piranhas alternately
replace all teeth in the left or right half of a jaw, rather than replacing
individual teeth or rows of teeth. The teeth in the left side of the jaw

(= right side of photo) have recently erupted. From Sazima and
Machado (1990), used with permission.

lepisosteid gars, and most teleostean superorders and
orders, including osteoglossomorphs, elopomorphs,
protacanthopterygians, ostariophysans,
paracanthopterygians, and numerous acanthopterygians
(Roberts 1967; Trapani 2001; Hilton & Bemis 2005).

Recurved, conical, caniniform teeth with sharp points
characterize such piscivores as Bowfin, cod, snappers,
and some seabasses. Sharp, conical dentition serves to
grasp and hold. It reaches its extreme form in the
almost triangular, fanglike, slightly flattened teeth of
the African Tigerfish, Hydrocynus.

Surprisingly, many highly predaceous piscivores have
limited marginal cardiform dentition that has a rough
sandpaper texture and consists of numerous, short,
fine, pointed teeth (e.g., large seabasses, snook,
Largemouth Bass, billfishes). The former species rely
on large, protrusible mouths for engulfing prey fishes,
whereas billfishes immobilize their prey by slashing or
stabbing with the bill (see Box 19.1).

Often, a predator will have a mixture of dentition types,
such as anterior canines followed by or intermixed with
smaller, needlelike teeth (e.g., the Pike Characin Hepsetus),
or long canines intermixed with smaller conical teeth (e.g.,
some wrasses). Ultimately, and regardless of location in the
mouth and whether teeth are of one or several types,
primary dentition type reflects food characteristics. The
primary biting teeth of ariid marine catfishes are palatine
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Figure 8.8

Fishes that feed on hard-bodied prey crush their prey with molariform
teeth located far back in their mouths, but often have different tooth
types in different parts of the jaw. In the Wolf-eel, Anarrhichthys
ocellatus, caninelike anterior jaw teeth grasp prey and molariform teeth
farther back in the marginal jaws crush the prey. Photo by G. Helfman.

not marginal in location. Among 10 Australian species,
piscivores have sharp, recurved palatine teeth, worm
feeders have small, sharp, recurved palatine teeth, and
molluskivores have globular, truncated palatine teeth
(Blaber et al. 1994).

Fishes that feed on hard-bodied prey, such as mollusks,
crabs, and sea urchins, often have teeth and jaw characteris-
tics that represent a separation of the activities of capturing
versus processing prey. Many such fishes have strong conical
dentition in the anterior part of their jaws for plucking mol-
lusks from surfaces. The prey are then passed posteriorly to
flattened or rounded, molariform teeth located posteriorly
in marginal or pharyngeal jaws. Convergence is apparent
when comparing mollusk-eating fishes from different taxa,
such as horn sharks and wolf-eels. Horn sharks (Heterodon-
tus) have small conical teeth anteriorly, which grade poste-
riorly into broad, rounded pads for crushing and grinding
(see Fig. 12.11). Wolf-eels have strong, conical canines ante-
riorly and rows of rounded molars posteriorly in each jaw
(Fig. 8.8). Similar anterior—posterior differences occur in
Freshwater Drum, Sheepshead, cichlids, and wrasses.

A suction versus chewing arrangement occurs in many
fishes that feed on sand-dwelling mollusks. Suckers such as
the river redhorse, Moxostoma carinatum, are ostariophy-
sans in which the molarlike teeth occur on the pharyngeal
arches. In ostariophysans, only the lower arch develops
dentition, and these teeth usually occlude against horny

pads in the roof of the mouth. In higher teleosts, the pha-
ryngeal teeth are composed of both dorsal and ventral
pharyngeal arch derivatives, such as in cichlids and the
Redear or “shellcracker” Sunfish, Lepomis microlophus.
Analogously, stingrays suction mollusks off the bottom and
then crush them in pavementlike dentition. Fishes that
remove attached invertebrate prey (such as sponges, ascid-
ians, coelenterates, and chitons) from surfaces tend to have
powerful oral jaws with incisorlike dentition (e.g., trigger-
fishes) or with teeth fused into a parrotlike beak (e.g., par-
rotfishes, pufferfishes). In parrotfishes, the beak bites off
algae or pieces of coral that are then passed to the pharyn-
geal mill for grinding.

Another means of dealing with both soft- and hard-
bodied prey has arisen in some sharks such as the hemiscyl-
liid bamboo sharks. These sharks have the classic sharp,
spiky teeth expected of a feeder on soft-bodied prey such
as fish and squid. However, when feeding on harder items
such as crabs, ligaments at the base of each tooth allow it
to hinge backward, overlapping the replacement tooth that
sits immediately behind it in the jaw. The multiple rows of
depressed teeth then form a functionally flat surface more
appropriate for crushing hard prey. The teeth spring back
up after a bite is taken (Ramsay & Wilga 2007; see also
Summers 2006).

In addition to marginal, medial, and pharyngeal teeth,
fishes have one other mouth region where hard structures
aid in the capture or retention of prey. These are the gill
rakers, which are bony or cartilaginous projections that
point inwards and forwards from the inner face of each gill
arch. As with the various teeth, gill raker morphology cor-
responds quite closely to dietary habits. Piscivores and mol-
luskivores, such as seabasses, black basses, and many
sunfishes, tend to have short, widely spaced gill rakers that
prevent the escape of large prey out the gill openings.
Fishes that eat zooplankton of large and intermediate size,
such as the Bluegill Sunfish and Black Crappie, have longer,
thinner, and more numerous rakers. Feeders on small zoo-
plankton, phytoplankton, and suspended matter have the
longest, thinnest, and most numerous rakers; menhaden,
Brevoortia spp., filter phytoplankton, detritus, and small
zooplankters and have >150 rakers just on the lower limb
of each gill arch. Among related species, gill rakers
differ according to diet. In North American whitefishes
(Coregoninae), the Inconnu (Stenodus leucichthys) feeds on
small fishes and has 19-24 rakers, the Shortnose Cisco
(Coregonus reighardi) feeds on mysid shrimp, amphipods,
and small clams and has 30-40 rakers, whereas the Cisco
(C. artedii) eats small zooplankters, midge larvae, and water
mites and has 40-60 rakers (Scott & Crossman 1973). In
most filter-feeding fishes, particles are captured by mechan-
ical sieving, whereby large particles cannot pass through the
narrow spaces between gill rakers. Electrostatic attraction,
involving the capture of charged particles on mucous-
covered surfaces, is also suspected (Lauder 1985).
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Figure 8.9

Correspondence among mouth position, feeding
habits, and water column orientation in teleosts.
Fishes with “superior” mouths frequently live near
and feed at the surface, whereas fishes with
“inferior” mouths often scrape algae or feed on
substrate-associated or buried prey. Fishes with
terminal mouths often feed in the water column on
other fishes or zooplankton, but are also likely to feed
at the water’s surface, from structures, and on the
bottom. Fish drawings from Nelson (2006), used
with permission.
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Mouth position, in terms of whether the mouth angles up,
ahead, or down, also correlates with trophic ecology in
many fishes (Fig. 8.9). The vast majority of fishes, regardless
of trophic habits, have terminal mouths, which means that
the body terminates in a mouth that opens forward. Devia-
tions from terminal location usually indicate habitat and
feeding habit. Fishes that swim near the water’s surface and
feed on items at the surface often have mouths that open
upwards, termed superior or supraterminal (e.g., African
butterflyfishes, freshwater hatchet or flyingfishes, halfbeaks,
topminnows). Some predators that lie on the bottom and
feed on prey that swim overhead also have superior mouths
(e.g., stonefishes, weaverfishes, stargazers). Mouths that
open downward, termed subterminal or inferior, character-
ize fishes that feed on algae or benthic organisms, including
sturgeons, suckers, some North American minnows, suck-
ermouth armored catfishes, Chinese algae eaters, some
African minnows and cichlids, clingfishes, and loach gobies.
Upside-down catfishes feed on the undersurfaces of leaves,
but do so while swimming upside down and not surpris-
ingly have inferior mouths. Fishes that do not have to visu-
ally fix on their prey (e.g., algal-scraping clingfishes,
catfishes, loaches, cichlids), or that take somewhat random

mouthfuls of sediments that are then sifted orally (e.g.,
suckers, mojarras), may gain an antipredator advantage by
having an inferior mouth. A terminal mouth in such fishes
would require that they angle head down each time they
scraped or sampled the benthos, which would make them
less able to escape rapidly if surprised by a predator.

Specialized suctorial mouths characterize unrelated
fishes that scrape algae from rocks, particularly if they also
live in high-energy environments. This ecological grouping
includes hillstream loaches, suckermouth armored catfishes
such as the familiar Plecostomus of the aquarium trade,
Southeast Asian algae eaters, and the loach gobies of
Australia. The gyrinocheilid algae eaters live in swift streams
where they rasp algae from rocks with their lips while
remaining attached with their suctorial mouth. Gyrinochei-
lids have evolved an additional in-current opening dorsal
to the operculum that opens into the gill chamber. They
breathe in through the dorsal opening and out through the
operculum. Drawing water in through the mouth in the
more normal manner would require the fish to detach from
the substrate, at which moment it might risk being swept
downstream. Mouths are not the only way for algae feeders
to remain attached in wave-swept habitats. Gobiesocid
clingfishes accomplish this via pelvic fins modified into a
suction disk (Wheeler 1975; Nelson 2006).
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Functional morphology focuses on how structures
work in the context of the daily tasks and interactions
experienced by organisms. Locomotion and feeding
offer many intriguing examples of the structure—
function relationship. Locomotion in water presents
very different physical challenges than are
experienced by terrestrial animals. Density and drag
are much greater in water, making locomotion
energetically expensive and leading to the general
hydrodynamic, streamlined shape of most fishes.
Swimming in fishes usually involves alternating
contractions and relaxations of muscle blocks on
either side of the body that result in the fish pushing
back against the water and consequently moving
forward. Many variations on this basic theme exist,
and about 10 different modes of swimming have been
identified that involve either undulatory waves or
oscillatory back-and-forth movements of the body or
fins. Body and fin shape correlate strongly with
locomotory mode and habitat, the most extreme
examples being the rapid swimming, highly pelagic
mackerel sharks, tunas, and billfishes with streamlined
bodies and lunate, high aspect ratio tails.

Locomotory adaptations create trade-offs.
Maneuverability is often achieved at a cost in fast
starts and sustained speed and vice versa. Versatility
is achieved by using different modes for different
purposes (fin sculling for positioning, body
contractions for fast starts and cruising), which
causes most fishes to evolve generalist rather than
specialized swimming traits. Highly specialized
locomotion includes fishes that can “walk” across the
bottom or on land, climb terrestrial vegetation, leap,
glide, and even fly.

Sharks, being cartilaginous, cannot rely on muscles
attached to a rigid bony skeleton for propulsion. They
instead undulate via contractions of their body
muscles, which are firmly attached to a relatively
elastic skin; the skin functions as an external tendon
and provides propulsive force by rebounding. Some
propulsive force comes from changing hydrostatic
pressure inside the cylinder of the shark’s body.

The spacing of the two dorsal fins aids the tail in
propulsion, and the tail works in concert with flattened
ventral surfaces in the head region to counteract the
weight of the body and to provide forward thrust.

Food-getting in fishes involves adaptations of the jaw
bones and muscles, teeth, pharyngeal arches, gill
rakers, and digestive system, as well as modifications
in body shape, sensory structures, and coloration.

127

Food type can often be predicted from jaw and body
shape and dentition type, regardless of taxonomic
position. Zooplanktivorous fishes are usually
streamlined, with compressed bodies, forked tails,
and protrusible mouths that lack significant teeth.
Lurking, fast-start piscivores are generally elongate,
round in cross-section, with broad tails, posteriorly
placed median fins, and long, tooth-studded jaws
that grab prey. Alternatively, many piscivores that
pursue prey for short distances are more robust, with
fins distributed around the body outline, and with
large mouths for engulfing prey. Many specialists
that depart from these norms can be found.

An important food-getting innovation among modern
fishes, particularly in teleosts, was the development
of protrusible jaws and the pipette mouth.
Modifications to jaw bones, ligaments, and muscles
allow a fish to shoot its upper jaw forward and
increase the volume of the mouth cavity, both
creating suction forces and increasing the speed
with which a fish overtakes its prey.

In addition to anterior, marginal jaws, and dentition
on the roof of the mouth and tongue, teleosts have
their gill arches modified into a second set of
posterior, pharyngeal jaws. Pharyngeal jaws help
move prey towards the throat and in many fishes
serve to reposition prey for swallowing and for
processing via crushing, piercing, and disarticulation.
Pharyngeal teeth facilitate the eating of hard-bodied
prey (mollusks, arthropods) and plant material.

Dentition type corresponds strongly with food type
and is often repeated on the marginal jaws, vomer,
palate, and pharyngeal pads. Piscivores and other
predators on soft-bodied prey variously possess
long, slender, sharp teeth, needlelike villiform teeth,
flat-bladed triangular teeth, conical caniniform teeth,
or rough cardiform teeth. Mollusk feeders have
molariform teeth. Gill rakers also capture prey and
may be numerous, long, and thin in plankton
feeders, or widely spaced, stout, and covered with
toothlike structures in predators on larger prey.

Mouth position also correlates with where a fish lives
and feeds in the water column. Water column
feeders typically have terminal mouths that open
forwards, whereas surface feeders often have
superior or supraterminal mouths that open upwards.
Fishes that feed on benthic food types have
subterminal or inferior mouths that open downward
and that may generate suction forces that allow a
fish to attach to hard substrates while feeding.
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ur chief emphasis in this and the next chapter is on

the earliest stages of development, namely gametes,
embryos, and larvae, transitional stages between larvae and
juveniles, and various aspects of the growth process. Adult
biology is explored primarily with respect to reproduction
(determination, differentiation, maturation, longevity, and
senescence). Related topics concerning the timing, effort,
and behavioral interactions associated with reproduction
are detailed in Chapters 21 and 24.

Two general traits shared by most fishes set them apart from
the majority of vertebrate species and also underlie many
of their more interesting adaptations. These two traits are
indeterminate growth and a larval stage. Many fishes
emerge from an egg as a larva, which bears little anatomi-
cal, physiological, behavioral, or ecological resemblance to
the juvenile or adult into which the fish will eventually

transform. In fact, continual growth moves each individual
through a progression of life history stages that differ in
most traits, creating a spectrum of continually changing
structures and characters upon which natural selection has
operated.

Indeterminate growth describes the continual increase in
length and volume that occurs in most fishes throughout
their lives. Although this growth may slow considerably as
a fish ages, the potential for continuing increase profoundly
affects many if not most aspects of a fish’s life. With regard
to most traits, larger body size appears to confer an advan-
tage, at least within a species. Reproduction is intimately
tied to body size in terms of egg number and size, larger
females producing more and bigger eggs (see Chapter 24,
Life histories and reproductive ecology). Mate choice by
both males and females often favors larger individuals, and
larger fish are better able to defend a spawning territory
(see Chapter 21, Sexual selection, dimorphism, and mate
choice). Swimming energetics and shoaling interact with
body size: fish tend to shoal with individuals of like size
(see Chapter 20, Responses of aggregated prey), and larger
fish can swim faster and migrate over larger distances (see
Chapter 23, Annual and supra-annual patterns: migra-
tions). Predation rate is typically greater on smaller fish,
and small fish may be constrained from feeding in profitable
areas by predators or larger conspecifics. Indeterminate
growth leads to size-structured populations in which differ-
ent size individuals essentially function as different species,
the so-called ontogenetic niche (Werner & Gilliam 1984;
see Chapter 24, Population dynamics and regulation).
Physiological limitations of small body size can be explained
by allometric (proportional) growth of many structures,
such as the increased visual acuity and sensitivity that occur
as a fish grows. Foraging is also affected by body size, not
only because many fish are gape-limited and hence only
able to eat things they can swallow whole, but also because
many prey types are not available to young fishes until
muscle attachment sites and muscle masses reach a size
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capable of overcoming prey defenses (see Chapter 8,
Pharyngeal jaws).

[named] Stages are arbitrarily chosen moments in an
essentially continuous process of development. . .
Osse and van den Boogaart (19935, p. 23)

Given the diversity and complexity of stages, states, phases,
or intervals in the early life history of fishes, it is not sur-
prising that several classification systems have been devel-
oped to describe these stages, each differing slightly or
greatly in terminology (Fig. 9.1). These schemes all attempt
to subdivide about one dozen recognizable, general events
during development into a coherent, descriptive progres-
sion. The simplest classification recognizes an egg (which
after fertilization or activation contains a developing
embryo), which hatches into a larva, which metamorphoses
into a juvenile. Subdivisions of this basic sequence generally
involve endpoint events, some of which occur quickly,
others gradually (Fig. 9.1). Significant endpoint events
include closure of the blastopore and lifting of the tailbud
of the developing embryo; absorption of the yolk sac, inde-
pendent feeding, and flexion of the notochord of the larva;
development of fin rays, scales, and pigmentation; and
changes in body proportions of the juvenile (Fig. 9.2).
These general descriptions overlie a more complicated
sequence of events involving changes in the anatomy, physi-
ology, behavior, and ecology of a developing fish (Fig. 9.3).
From a systematics standpoint, most fish species are readily
distinguishable as such from the earliest stages. Early life
history stages have consequently played an important role
in fish systematics (Cohen 1984; Moser et al. 1984).

Part of the controversy over developmental terminology
arises from the great diversity of embryonic and larval
types, developmental rates, and transitional stages or events
that exist among the 27,000+ species of fishes. Attempts at
generalization are frustrated by exception and nuance, and
by whether research focuses on marine or freshwater
species, pelagic or demersal young, live- or egg-bearers, and
embryology or taxonomy. Some workers maintain that
development is a continuous and gradual process and that
designating exact stages is an arbitrary process. Others
maintain that development is saltatory, that it occurs with
periods of gradual change punctuated by significant events
or thresholds that allow for rapid change, such as the shift
from dependence on yolk or maternal secretions to inde-
pendent, exogenous feeding. This disagreement will not be
resolved in the short space available here, but the interested
reader should consult references by Balon (1975a, 1975b,
1980, 1984), Richards (1976), and Kendall et al. (1984)
for a review.
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Gametogenesis

Most fishes have paired gonads, although one member of
the pair may be consistently larger than the other in some
species or only one gonad may be functional. Hagfishes and
lampreys are unique in that only one ovary develops, from
the fusion of two primordia in lampreys and from the loss
of one ovary in hagfishes (see Chapter 13). Unlike sharks
and other vertebrates, testes and ovaries in jawless fishes
and bony fishes develop from only the cortex of the peri-
toneal epithelium, not from both the cortex and medulla.
Testes in immature males are typically reddish and take on
a smooth texture and creamy-white coloration as the fish
matures and spawning time approaches. The testes gener-
ally account for <5% of body weight (see below). Follicles
within the testes produce the developing spermatozoa
(= spermatogenesis) through a series of meiotic and
developmental transformations typical of vertebrates (sper-
matogonia, primary spermatocytes, secondary spermato-
cytes, spermatids, metamorphosis, spermatozoa) (Hoar
1969; Hempel 1979; Gorbman 1983; Adkins-Regan 1987;
Jamieson 1991).

Fish sperm vary in size, shape, number of flagella (none
to two), and presence or absence of acrosomes and other
structures. Fish sperm are highly diagnostic of higher taxa
and of some species (Jamieson 1991) (Fig. 9.4). Sperm
heads range in length from about 2 mm (Bowfin, burbot,
medaka) to 70 mm (Australian Lungfish). The caplike acro-
some at the anterior end of most primitive fish sperm is lost
in practically all neopterygian fishes (gars, Bowfin, teleosts).
Two African families of osteoglossomorph fishes, the
Mormyridae (elephantfishes or mormyrs) and Gymnarchi-
dae, lack a flagellum. Their sperm may move by some form
of ameboid motion. Typical ejaculates during spawning
contain millions of sperm. Sperm is released in seminal fluid
in species with external fertilization, or in packets called
spermatophores in internal fertilizers. It is commonly stated
(e.g., Box 21.1) that males produce an excess of sperm and
consequently male reproductive success is limited more by
access to females than by ability to produce gametes (the
opposite is considered limiting in females). However, under
circumstances where males mate daily over a prolonged
breeding season, sperm depletion can occur and mating
may in fact be delayed until sperm stores are replenished
(e.g., Nakatsaru & Kramer 1982; Jamieson 1991; see also
Shapiro et al. 1994).

Oogenesis, the development of eggs, occurs within the
ovary and also progresses through various stages involving
oogonia, primary and secondary oocytes, and finally ova or
eggs (Wallace & Selman 1981) (Fig. 9.5). Oogones develop
from primordial sex cells in the germinal epithelium of
the ovary wall. Proteinaceous yolk granules are deposited
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Events during, and terminology describing, the early life history of teleost fishes. The three basic stages — egg, larva, juvenile — can be further subdivided depending on definable events that occur
during development and growth. The top half of the diagram summarizes one commonly used set of terminology, particularly for pelagic marine larvae. Alternative systems for describing these events
are given in the lower half of the diagram (see Kendall et al. (1984) for reference details); the approach of Balon (1975b, second from bottom) may be more descriptive of many freshwater taxa. From

Kendall et al. (1984), used with permission.
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Figure 9.2

Stages during the early life history of the Horse
Mackerel, Trachurus symmetricus. From Ahlstrom and
Ball (1954).

around primary oocytes during vitellogenesis, the precur-
sors of yolk material being manufactured in the liver. Oil
droplets are incorporated in the yolk. Ripe eggs pass from
the ovary through the oviduct, which is a continuation of
the ovarian tissue, to the outside via the cloaca. In elasmo-
branchs, no direct connection between ovary and oviduct
exists and hence eggs pass through the peritoneal cavity on
their way to the oviduct. In several osteoglossomorph
bonytongues, a loach (Misgurnus), anguillids, salmonids,
and galaxiids, the oviduct is greatly reduced or absent and
eggs enter the body cavity prior to being shed (Blaxter
1969; Hempel 1979; Wootton 1990). Females that have
spawned are termed spent; their ovaries are bloody and
contain residual eggs which are resorbed by the ovary. Egg
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resorption is a general process. Usually, most of the ripe
eggs in an ovary are spawned while a small proportion is
resorbed and the proteins, fats, and minerals contained in
them are reused by the female for maintenance, growth, or
production of more eggs. The number resorbed varies
greatly among and within species, depending on fish size,
number of previous spawnings that season, and energy state
of the female.

Fecundity, the number of eggs released by a female
during a spawning bout or breeding cycle, varies from one
to two in some sharks to tens of millions in the Tarpon,
Megalops atlanticus, and European Ling, Molva molva, to
300 x 10° in the Giant Ocean Sunfish, Mola mola; seasonal
and lifetime fecundities can also be calculated. Most larger,
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Behavioral, physiological, and anatomical events during the postembryonic early life history of a representative teleost, the Northern Anchovy, Engraulis
mordax. The horizontal axis at the bottom represents days after hatching for larvae growing in 16°C water; events noted are those occurring after the larva
begins exogenous feeding, when it is no longer solely dependent on yolk for energy. Photopic refers to daytime vision, scotopic refers to nighttime vision.
Reynolds number is @ measure of the difficulties that small larvae have with water viscosity (see below, Larval behavior and physiology). Time to 50%
starvation refers to how long larvae can live without feeding, based on half of the larvae in an experiment dying after a given number of days without food.

RBCs, red blood cells. From Hunter and Coyne (1982), used with permission.

temperate marine fishes produce tens of thousands to mil-
lions of eggs at a time. Fecundity generally decreases with
increasing egg size and with increasing parental care, but
increases with body size in an individual. Mouth-brooders
such as sea catfishes and some cichlids produce only about
100 eggs at a time, and live-bearers such as the Four-eyed
Fish, Anableps, contain about a dozen embryos. The rela-
tionship between egg number and body size is usually pro-
portional to the mass of the female, reflecting the volume
of a female’s body that can carry the eggs. Hence egg
number generally increases in relation to the cube, fourth,
or fifth power of the length of the female (see Fig. 24.1).
In addition to producing more eggs, larger females of many
species produce bigger, better eggs that result in higher
larval survival (e.g., in salmons, cod, haddock, Striped Bass,
flounder) (Trippel 1995).

Exceptions show the premium placed on assuring
survival of young rather than just on producing large
numbers of eggs. In mouth-brooding cichlids, fecundity

increases in relation to the square of the length of the
female because mouth size increases only linearly with
increasing body length (Breder & Rosen 1966; Hempel
1979; Lowe-McConnell 1987). Because of resorption,
fecundity estimates based on counts of ripe eggs may not
necessarily indicate true fertility, which is the number of
viable offspring produced. Fecundity estimates for live-
bearing fishes are further complicated by the consumption
of eggs by developing embryos, a form of maternal pro-
visioning (see below).

Certain generalizations apply to fish eggs, with a strong
correlation between habitat and the characteristics of ferti-
lized eggs. “Most marine fishes, regardless of systematic
affinities, demersal or pelagic habits, coastal or oceanic
distribution, tropical or boreal ranges, spawn pelagic eggs
that are fertilized externally and float individually near the
surface of the sea” (Kendall et al. 1984, p. 11). Among
pelagic spawners, eggs are generally spherical in shape and
have a single oil globule. Their diameters range from about
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Figure 9.4

Fish sperm and their utility in constructing
phylogenies. (A) Schematic diagram of the sperm
of the percichthyid Macquaria ambigua; the entire
structure is about 5 mm long. (B) Longitudinal
section of the sperm of the Coral Trout,
Plectropomus leopardus (Serranidae); a, axoneme;
cc, cytoplasmic canal; dc, distal centriole; m,
mitochondrion; n, nucleus; pc, proximal centriole.
(C) Schematic diagrams of spermatozoa of non-
neopterygian fishes and a cladogram based on
sperm characteristics; the cladogram is basically
similar to the one presented in Chapter 2, showing
the parallel evolution of sperm and other
taxonomically useful characteristics. From Jamieson
(1991; C slightly modified), used with permission of ©)
Cambridge University Press.

Hagdfishes Lampreys Sharks Bichirs Sturgenos

0.5 mm (Vinciguerria, Photichthyidae) to 5.5 mm (moray
eels), with a modal size of about 1 mm. This remarkable
convergence among phylogenetically widespread taxa sug-
gests a common, adaptive set of solutions to the selection
pressures encountered by eggs that disperse passively in a
near-surface environment and that contain an embryo
dependent on yolk supplies for nutrition.

Most freshwater fishes and some coastal marine species
diverge from this pattern and produce demersal eggs that
are laid on the bottom. Many spawn in nests and engage
in some form of parental care (see Chapter 21). Demersal
eggs tend to be relatively large, up to 7 or 8 mm in salmon,
anarhichadid wolffishes, and zoarcid eelpouts. The largest
teleostean eggs are produced by mouth-brooding marine
catfishes and range from 14 to 26 mm. Shark eggs are
generally larger than osteichthyan eggs, whereas the largest
bony fish eggs are produced by the Coelacanth, Latimeria
chalumnae, with a diameter of 9 cm. Demersal eggs often
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have thick chorions and special coatings that may provide
mechanical protection (ictalurid catfishes, North American
minnows, killifishes, freshwater perch, blennies) (Boehlert
1984; Matarese & Sandknop 1984).

Departures from spherical shape are found in the elon-
gate eggs of some cusk-eels, anchovies, minnows, cichlids,
parrotfishes, and gobies. Congrogadid eel blennies have
strangely cross-shaped eggs, and eggs of some darters are
deeply indented and appear almost heart-shaped. Although
usually smooth, the outer vitelline membrane of the egg,
termed the chorion, may be sculptured (lizardfishes, deepsea
hatchetfishes, mullets, some flounders), or have filaments,
stalks, or spines (myctophiform lanternfishes and many ath-
erinomorphs such as killifishes, flyingfishes, topsmelts,
sauries, and halfbeaks). Filaments often help eggs attach to
other eggs or to structures such as seaweeds, as in flying-
fishes. Variation in other egg structures can help in species
or family identification. The degree of segmentation and
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Figure 9.5

Stages in the development of teleostean eggs, as shown by the Multiband Butterflyfish, Chaetodon multicinctus. (A) Primary oocyte growth and yolk
development (vitellogenesis). (B) Yolk vesicle or cortical alveoli stage (left cell), early vitellogenesis (right cell). (C) Maturing egg, where the nucleus has
migrated to the cell periphery and the yolk granules have coalesced. (D) Postovulatory ovary, after the eggs are shed. CA, cortical alveoli; F, follicle that holds
oocyte; N, nucleus; OD, oil droplets; PF, postovulatory follicle, from which egg has been released; PO, primary oocyte; YG, yolk granule; YGF, yolk granule
fusion; ZR, zona radiata of the vitelline membrane. From Tricas and Hiramoto (1989), used with permission.

pigmentation of the yolk differs, with primitive teleosts
such as many eels, herrings, and salmons having segmented
yolks, whereas more advanced teleosts have homogeneous
yolks. Pigmented yolks produce colorful eggs in gar, cat-
fishes, and salmon. The occurrence, number, and location
of oil globules in the yolk differ among species. Oil globules
may serve as nutrition for embryos, as flotation mechanisms,
and, when pigmented with melanin, may help protect
sensitive developing structures from harmful radiation
(F. D. Martin, pers. comm.). Oil globules in some species
go through highly predictable patterns of movement
(Malloy & Martin 1982). Eggs also vary among species in
terms of the space between the chorion and the yolk, termed
the perivitelline space or “around the yolk” space (Page
1983; Boehlert 1984; Matarese & Sandknop 1984).

An interesting aspect of reproduction is the effort and
energy that different species and individuals expend, which
often correlates with the life history pattern a species has
evolved (see Chapter 24, Life histories and reproductive
ecology). Reproductive effort includes food intake and its

transfer to the gonads, as well as energy expenditure in
somatic versus gonadal growth. In females, oocyte matura-
tion involves mobilization of first lipids and then proteins
from other parts of the body, such as fat deposits and body
muscle, to the ovary. This maturation is also accompanied
by as much as a 10-fold increase in oxygen consumption
by the ovary until the final stage of oogenesis, when ovarian
mass increases via water accumulation. True costs of repro-
duction must also account for energy expended during
reproductive migrations, courtship, spawning, and internal
brooding and other forms of parental care, among other
factors. Energy expended in nongonadal growth can be
substantial. For example, migratory female sturgeon and
salmon use 80-90% of their body fat reserves during repro-
duction, much of which is expended during migration to
the spawning grounds (Kamler 1991).

The difficulty of estimating reproductive effort accu-
rately has led to the development of a variety of indices.
Some indices depict characteristics of an individual at a
given point in time (instantaneous measures), others over
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the reproductive life of an individual (cumulative meas-
ures). One popular and simple instantaneous measure is
the GSI, variously called the gonadosomatic, or gonadal-
somatic, or gonosomatic index, a calculation of the per-
centage of the body mass of an animal devoted to gonadal
material. The GSI can be calculated as gonad weight/total
body weight, or as (gonad weight/body weight) — gonad
weight (and sometimes minus gut weight). Values range
greatly among species: cichlids < 5%, darters 11-23%,
pupfishes 2-14%, American plaice 5-20%, sticklebacks
20%, salmonids 20-30%, and European eels 47%. The GSI
of ripe females is a relatively accurate portrayal of effort
for total spawners that spawn only once in a breeding
season or lifetime, but it underestimates effort in repeat,
batch, or serial spawners because only a fraction of the eggs
or oocytes a female will produce are present at any moment
(Heins & Rabito 1986).

GSIs in males are generally much smaller than for
females, reflecting a lower effort directly expended in
reproduction in males of many species. GSIs in male stick-
lebacks are 2% compared to 20% for females, and only
0.2% in male tilapia. Female Pike, Esox lucius, allocate 6—
18 times more energy to ovaries than males do to testes.
Intraspecific variation in male GSI can reflect differences in
reproductive tactics. In Bluegill Sunfish, Lepomis macrochi-
rus, some males guard nests and attract females with which
they spawn; other males lurk at the periphery of the nests
and sneak into the territory to join a spawning nest-guarder.
GSlIs for territorial males run at about 1%, but for sneakers
are 4.5%. GSIs in male Bluehead Wrasses vary between
3% and 5%, the larger value characterizing males that
previously engaged in group spawning, where sperm
competition among males is likely (Gross 1982; Shapiro
et al. 1994).

Measuring the GSI during different parts of the year can
indicate ovarian or testicular cycles and spawning periodici-
ties. Multimodal values would indicate protracted spawn-
ing seasons, whereas a single maximum would indicate a
more defined spawning season. Not surprisingly, GSI values
generally reach their maxima just before spawning (Page
1983; Wootton 1990; Kamler 1991). GSI calculations have
been modified and improved to account for differences in
body size among females and for females that do not shed
all eggs at once (DeMartini & Fountain 1981; Erickson
et al. 1985).

Fertilization

In most fishes, fertilization occurs outside the body of the
female. Regardless, fertilization occurs when a sperm pen-
etrates or is permitted to enter the egg membrane via a
funnel-shaped hole in the membrane called the micropyle.
The micropyle sits above the animal pole of the egg and is
too narrow to allow the passage of more than one sperm.
After sperm entry, the micropyle closes and the chorion
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tends to harden, which prevents polyspermy or entry of
more than one sperm. Sturgeon eggs have several micro-
pyles and polyspermy occurs. Micropyle presence and size
is diagnostic of different species. A zygote is formed when
pronuclei of the sperm and egg fuse (Hoar 1969; Hempel
1979; Matarese & Sandknop 1984; Jamieson 1991).

In species with external fertilization, gametes remain
viable for less than a minute to as long as an hour, depend-
ing on temperature; longer viability generally occurs in
colder water (Hubbs 1967; Petersen et al. 1992; Trippel
& Morgan 1994). Studies of the proportion of eggs ferti-
lized during natural spawning events indicates that at least
75% and often 90-95% of the eggs released are fertilized
(Petersen et al. 1992, 2001; Marconato & Shapiro 1996).
This number varies directly as a function of the volume of
sperm released by the male. In water column spawners
such as wrasses and parrotfishes, males can control sperm
expenditure in response to female size and competition,
releasing more sperm when spawning with larger females
that release more eggs, or when other males are simulta-
neously attempting to spawn. Ejaculate volume also
increases in the face of competition in internally fertilizing
species such as live-bearing mosquitofish (Evans et al.
2003). In benthic, territorial spawners, however, sperm
expenditure does not appear to increase when females
release more eggs (e.g., sticklebacks; Zbinden et al. 2001),
or in the face of competition from other males (gobies
and cyprinid bitterlings; Candolin & Reynolds 2002;
Scaggiante et al. 2005).

Females of some internally fertilized species are able to
store sperm in the ovary. In the Dwarf Perch, Micrometrus
minimus (Embiotocidae), newborn males are mature and
inseminate but do not fertilize newborn females. The
females store this sperm for 6-9 months until they mature
and ovulate (Warner & Harlan 1982; Schultz 1993). Sperm
storage is widespread in poeciliid livebearers, often involv-
ing more than one male partner (e.g., Evans & Magurran
2000; Luo et al. 2005). Some species store sperm and use
it to fertilize multiple batches of eggs. Females of the Least
Killifish, Heterandria formosa, store sperm from one copu-
lation for as long as 10 months and use it to fertilize as
many as nine different developing broods of embryos,
several of which may be developing simultaneously — a
phenomenon known as superfetation.

In a few species, activation of cell division is not synony-
mous with fertilization. Some poeciliid livebearers are
gynogenetic in that females use sperm from males of other
species to activate cell division, but no male genetic mate-
rial is actually incorporated into the zygote (see Chapter
21, Gender roles in fishes). In some internally fertilized
species, fertilization occurs but development may be arrested
after a few cell divisions and then resumes when envir-
onmental conditions are more favorable for hatching. In
some annual fishes, such as the South American and African
rivulines, eggs are fertilized and then buried; they spend
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the dry season in a resting state known as diapause
(Lowe-McConnell 1987; see Chapter 18, Deserts and other
seasonally arid habitats).

Internal fertilization is universal among sharks but is
limited to about a dozen families of bony fishes, most
notably the coelacanths; a silurid catfish; brotulids; live-
bearers; goodeids; three genera of halfbeaks; four-eyed
fishes; the neostethids and phallostethids of Southeast Asia;
scorpaenids in the genera Sebastodes and Sebastes (e.g.,
Sebastes viviparus); Baikal oilfishes; embiotocid surfperches;
an eel pout, Zoarces viviparus; clinids; and labrisomids. An
Asian cyprinid, Puntius viviparus, was originally described
as a live-bearer, but subsequent examination of the type
material indicated that predation on cichlid young, which
were contained in the stomach, had been mistaken for
developing young in the ovary (attesting to the value of
depositing type material and voucher specimens in museums;
see Chapter 2, Collections).

Internal fertilization requires that males possess an intro-
mittent organ for injecting sperm. This structure has differ-
ent names and is derived from different structures in
different taxa. The pelvic fin of elasmobranchs is modified
into claspers; the pelvic girdle, postcleithrum, and pectoral
pterygial elements form the priapium of phallostethoids;
the anal fin forms the gonopodium of cyprinodotoids such
as goodeids, anablepid four-eyed fishes, jenynsiids, and
poeciliid livebearers; brotulids and surfperches have an
enlarged genital papilla. In some cardinalfishes, the female
purportedly inserts an enlarged urogenital papilla into the
male to receive sperm (Hoar 1969).

After fertilization, the chorion of the egg stiffens, a process
known as water hardening, which serves to protect the
developing embryo. Embryogenesis in fishes proceeds as in
most vertebrates. The embryo develops on top of the yolk;
yolk is concentrated at the vegetative pole and the fertilized
egg is considered telolecithal. In hagfishes, elasmobranchs,
and teleosts, cleavage is meroblastic in that cell division
occurs in the small cap of cytoplasm that will develop into
a fish, but not in the yolk. Lampreys have holoblastic cleav-
age, whereas bowfin, gar, and sturgeon exhibit an interme-
diate form, termed semiholoblastic. Cell division and
differentiation continue in fairly predictable sequences,
with many interspecific differences in the timing of appear-
ance of different structures (Fig. 9.6) (see Lagler et al. 1977
and Lindsey 1988 for more thorough discussions of fish
embryology).

Organs and structures that are at least partially devel-
oped in many embryos prior to hatching include: body
somites, which are forerunners of muscle blocks; kidney
ducts; neural tube; optic and auditory vesicles; eye lens pla-
codes; head and body melanophores; a beating heart and

Figure 9.6

Embryonic development of the Lake Trout, Salvelinus namaycush.

(A) At 17 days after fertilization (at 7.8°C), as the somites and brain
ventricle just begin to form. (B) At 22 days, when the auditory vesicles
and eye lens placodes have developed. (C) At 23 days the tail is lifting
off and pericardial cavity is evident. (D) At 67 days, showing the fully
formed embryo at about the time of hatching (at 4.4°C); note
pigmentation, upturned notochord, gut tube, dorsal and ventral fin folds,
pectoral fins, pigmented eye, and well-developed yolk circulation and
large yolk sac. From Balon (1980), used with permission of Kluwer
Academic Publishers.

functioning circulatory system, much of which is linked to
circulatory vessels in the yolk; pectoral fins and median fin
folds but not the median fins themselves; opercular covers,
but not gill arches and filaments; otoliths; lateral line sense
organs below which scales will later form; and the noto-
chord. By the time of hatching, the head and the tail have
lifted off the yolk, the mouth and jaws are barely formed,
fin rays may be present in the caudal fin, but little if any
skeletal ossification has occurred. The nonfunctional gut is
a simple, straight tube and the gas bladder is evident as a
small evagination of the gut tube. Advanced embryos curl
around on themselves, their bodies making more than a full
circle. In fish that hatch at a relatively undeveloped stage,
the eye is seldom pigmented, maintaining the transparency
of the helpless, newly hatched, free embryo with its very
large and cumbersome yolk sac (Blaxter 1969; Hempel
1979; Matarese & Sandknop 1984; Lindsey 1988).

Just prior to emergence, hatching gland cells on the head
of some fishes secrete proteolytic enzymes that aid in break-
ing down the chorionic membrane or “egg shell”. Thrash-
ing movements of the tail and body aid in the hatching
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process. The time spent in the egg prior to hatching varies
greatly among species, from around 12 h in some coral reef
fishes; to a few days in Striped Bass, centrarchid sunfishes,
some cichlids, and surgeonfishes; to a week or two in
smelts, darters, mackerels, and flatfishes; to several weeks
or months in salmons and sharks. In all fishes studied,
hatching time decreases with increasing temperature
(Blaxter 1969; Kendall et al. 1984). “Hatching” is a con-
venient landmark during early development, but it should
be noted that the exact developmental stage at which the
embryo frees itself from the egg varies greatly among
species and even varies within species depending on tem-
perature and oxygen content of the water, among other
factors (e.g., Balon 1975a).

Species identifications of unfertilized or recently ferti-
lized eggs can be a difficult task, often requiring electron
microscopy. Embryos, especially those in advanced stages
of development, are considerably easier to identify. Species-
specific patterns of pigmentation often develop on the body
and finfolds, particularly of marine species (e.g., codfishes,
flatfishes). Other characters of use in identification include
the general morphology of the head, gut, and tail, the
number of body myomeres, and the existence of elongate
or otherwise precocially developed fin rays (e.g., flying-
fishes, ribbonfishes, sandfishes, weeverfishes) (Matarese &
Sandknop 1984).

Species can be assigned to categories based on where
embryonic development occurs and whether developing
embryos are dependent on maternal versus yolk provision-
ing. If the mother releases eggs that then rely on yolk for
nutrition, the species is oviparous or egg-laying, as is the
case in chimaeras, some sharks and skates, and most bony
fishes. If the young develop inside the mother and the
mother provides nutrition via a placental connection, secre-
tions, or additional eggs and embryos eaten by developing
young, the species is viviparous or live-bearing. The young
of viviparous fishes are generally born as juveniles, having
bypassed a free larval stage. Viviparity characterizes about
half of the 1200 species of Chondrichthyes and about 500
(29%) of the 25,000+ species of bony fishes (most of those
with internal fertilization mentioned earlier). “Virtually
every known form of vertebrate viviparity and possible
maternal-fetal relationship may be found in fishes” (Wourms
1988, p. 4). Some researchers recognize ovoviviparity,
whereby young develop inside the mother but depend pri-
marily on the yolk that was laid down during oogenesis
(e.g., some sharks, scorpaenids, zoarcid eelpouts, and argu-
ably, guppies). However, many intermediate conditions
exist involving both yolk and maternal secretions, blurring
the distinctions and making ovoviviparity difficult to define
(Breder & Rosen 1966; Hoar 1969; Kendall et al. 1984;
Wourms 1988; Nelson 1994). Although live birth usually
follows internal fertilization, the two are not synonymous.
Many elasmobranchs have internal fertilization but lay eggs
which develop for many months outside the female. The

Partll Form, function, and ontogeny

priapium, a bizarre and complex organ of male phallosteth-
ids and neostethids, is used for holding the female during
copulation and for fertilizing eggs just before they are laid
(Breder & Rosen 1966; Nelson 2006).

Meristic variation

Embryonic development generally progresses according to
instructions laid down in the genetic blueprint, but the
timing and even details of development are quite sensitive
to environmental influences. Pollutants and chemical
changes in the water often result in larval abnormalities and
can be used to monitor environmental quality (see von
Westernhagen 1988, Weis & Weis 1989, and Longwell et
al. 1992 for reviews). But even natural variation in tem-
perature, oxygen content, salinity, light intensity, photope-
riod, or carbon dioxide can affect development. Meristic
traits such as numbers of fin rays, vertebrae, lateral scale
rows, myotomes, and gill rakers are known to vary in rela-
tion to environmental conditions.

The pattern of variation among meristic traits is not
simple. The most commonly found relationship is for fin
ray, vertebral, or scale numbers to increase with decreasing
temperature (e.g., herrings, minnows, Rainbow Trout,
grunions, killifishes, rivulines, and darters). This inverse
relationship exemplifies a general phenomenon, termed
Jordan’s Rule, which applies to latitudinal effects on mer-
istic numbers, although the actual determinant is water
temperature (Lindsey 1988). However, an opposite pattern
of increased meristic values with increased temperature has
been observed for fin rays in Guppies and plaice. Another
common pattern is the so-called V relationship, in which
fewer meristic elements develop in fish raised at an inter-
mediate temperature, but more elements are laid down at
higher and lower temperatures (e.g., vertebrae or pectoral
rays in Brown Trout, Chinook Salmon, rivulines, stickle-
backs, paradise fish, snakeheads, and plaice). An arched, L
or A, pattern of higher numbers at intermediate tempera-
tures has been observed for the fin rays of Brown Trout
and Chinook Salmon. The actual quantitative difference
between experimental groups raised at different tempera-
tures is in the range 0.1-3% difference in number of ele-
ments per Celsius degree of temperature. For example, a
19% per degree difference in vertebral count over a 5° tem-
perature range for a fish with 100 vertebrae would translate
into a five vertebrae difference between groups.

A critical or sensitive period often occurs during
embryonic or larval development when effects on meristic
characters are strongest. Vertebral counts in Brown Trout
are most sensitive to temperatures at around the time of
gastrulation and again as the last vertebrae are formed.
Vertebral number is most sensitive to temperature before
hatching in herrings and killifishes, but this sensitivity
occurs later in paradise fish and plaice. Vertebrae form
before fin rays, and have an earlier sensitive period (Blaxter
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1969). Meristic characters may also be sensitive to events
prior to fertilization, such as the temperatures at which
parents are held and the age of the parents (Lindsey 1988).
Causal mechanisms in these patterns are poorly under-
stood. As an embryo develops, it differentiates via segment
formation and grows via elongation. Environmental condi-
tions may affect segment formation and elongation differ-
ently. Low temperatures may inhibit segment formation
more than they inhibit elongation. Hence an embryo devel-
oping at low temperatures might be longer when differen-
tiation occurred, causing more segments to be laid down
and producing the pattern of more fin rays at lower tem-
peratures (Barlow 1961; Blaxter 1969, 1984; Fahy 1982;
Lindsey 1988; Houde 1989).

Biologically, the larval stage or its equivalent is probably
the most thoroughly studied period of the early life history
of fishes. This results from the identifiability of larvae, their
relative abundance, and their importance in determining
the distribution and later abundance of many species, par-
ticularly those of commercial value.

Larval life generally begins as the fish hatches from the
egg and switches from internal, yolk reserves to external,
planktonic food sources. The free-swimming young may
still have a large yolk sac and be termed a free embryo,
eleutheroembryo, or yolk-sac larva until the yolk is
absorbed. Fry is a nonspecific term often used for advanced
larvae or early juveniles; swim-up stage often refers to free
embryos or larvae that were initially in a nest but have
grown capable of swimming above the nest.

The larval stage continues until development of the axial
skeleton, fins, and organ systems is complete (Fig. 9.7).
Median fin rays develop, first as short, fleshy interspinous
rays; true fin rays and spines develop later between the
interspinous rays. Scales develop, first along the lateral line
near the caudal peduncle, then in rows dorsal and ventral
to the lateral line, and then spread anteriorly (Fig. 9.8).
Once the full complement of scales is attained, the number
remains fixed. The end of the notochord, termed the

Figure 9.7

A recently hatched, marine teleost larva, as represented by a 6 mm
clingfish, Gobiesox rhessodon. Note development of the mouth, eyes,
median fin supports, and melanophores, and upward flexion of the
notochord at the base of the tail. From Allen (1979).

urostyle, flexes upwards and a triangular hypural plate
develops just below it. Caudal rays grow posteriorly from
the hypural plate elements. Characteristic larval pigmenta-
tion patterns develop, the eyes become pigmented, and the
mouth and anus open and become functional. Until gill fila-
ments develop, the larva relies on cutaneous respiration,
largely involving oxygen absorption across the thin walls
of the primordial finfolds. The circulatory system is at first
relatively open, and corpuscle-free blood is pumped through
sinuses around the yolk and between the fin membranes
(Russell 1976).

Pelagic larvae, which are particularly common among
marine fishes, also characterize lake and river species in
fresh water (e.g., whitefishes, temperate basses, centrarchid
sunfishes, percid pikeperches and perches). Larval periods
in pelagic larvae vary widely in duration, from 1 to 2 weeks
in sardines and scorpaenid rockfishes, to about 1 month in
many coral reef species, to several months or even years in
anguillid eels. A lengthy larval existence undoubtedly aids
in the dispersal of these young to appropriate habitats (see
below, Getting from here to there: larval transport mecha-
nisms). Stream fishes, such as many minnows, darters, and
sculpins, generally have demersal larvae with short larval
periods. Young fish remain on the bottom among rocks or
vegetation until they develop reasonable swimming abili-
ties, reflecting the turbulent conditions of streams that can
injure larvae or carry them downstream to suboptimal habi-
tats such as lakes or the ocean. Once muscular and skeletal
features are formed, many are captured in stationary drift
nets, indicating a juvenile dispersal phase, as opposed to
larval dispersal in pelagic, lake, and river species. Larvae of
some rocky intertidal fishes (e.g., sculpins, pricklebacks,
gunnels, clingfishes) may not disperse offshore but instead
actively spend their entire larval existence within 5§ m of
the shoreline, which could guarantee their return to suita-
ble habitat (Marliave 1986).

Larval periods are bypassed or very short in live-bearing
fishes and in fishes that still possess considerable yolk
reserves after hatching, such as salmonids. Arguably, no
larval or juvenile phase exists in the viviparous Dwarf
Perch, Micrometrus minimus, males of which are sexually
mature when born (Schultz 1993). Development that
involves a larval phase with distinct metamorphosis into the
juvenile stage is termed indirect. Direct development occurs
if a larval stage is very brief or not definable, i.e., the fish
hatches into a miniature but immature adult, as in many
coastal marine forms and in many catfishes, salmoniforms,
and cottids (Youson 1988).

Larval feeding and survival

A defining event in a larva’s life is when yolk supplies are
exhausted and the fish becomes dependent on exogenous
food sources, usually in the form of small planktonic organ-
isms such as diatoms, larval copepods and mollusks, and
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Figure 9.8

Development of scales in the Black Crappie, Pormoxis
nigromaculatus, showing the general pattern of scales
developing initially near the tail and spreading anteriorly.
From Ward and Leonard (1954), used with permission.

adult euphausiids, amphipods, ciliates, tintinnids, appen-
dicularians, and larvaceans. Even fishes that are herbivo-
rous as juveniles and adults are usually carnivorous as
larvae, as in rabbitfishes (Bryan & Madraisau 1977). This
generalization may reflect the difficulty with which energy
and nutrients are extracted from plants.

The potential importance of food availability at the onset
of exogenous feeding has greatly influenced our thinking
about sources of larval mortality and the subsequent strength
of year classes of fishes. Several influential hypotheses
address the relationship between early larval biology, food
availability, and adult population size in marine fishes. Hjort
(1914) proposed the Critical Period Hypothesis, which
stated that starvation at a critical period, perhaps the onset
of exogenous feeding, was a strong determinant of later year
class strength. Blaxter and Hempel (1963) coined the phrase
point-of-no-return to describe when larvae, as a result of
starvation, are too weakened to take advantage of food even
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if it were available. Such irreversible starvation depends on
larval condition and age: well-fed, young anchovy may last
only 1-2 days before irreversible starvation sets in, whereas
healthy, older flatfish larvae may be able to go 2-3 weeks
without food. Cushing (1975) proposed the Match—
Mismatch Hypothesis, which suggests that the timing of
reproduction in many marine fishes has evolved to place
larvae in locales where food will be available, i.e., that fish
reproduction and oceanic production are synchronized.
Since the cues of photoperiod and temperature that fish use
to initiate spawning (see Chapter 23, Reproductive season-
ality) are not necessarily the same ones that determine
plankton production, mismatches can occur and result in
high larval mortality (May 1974; Russell 1976; Hunter
1981; Blaxter 1984; Houde 1987).

Because of the relationship between larval survival and
later population size, the actual causes and patterns of
larval mortality are of considerable theoretical and obvious
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practical interest. Literally billions of larvae are produced
by most populations of marine fishes annually. In most
species, >99% of these larvae die in their first year from the
combined effects of starvation and predation; the average
fish probably dies in less than a week (Miller 1988). Hence
very minor shifts in mortality rates can have major implica-
tions for later year class strength and for recruitment into
older, catchable size classes (Hobson et al. 2001).

The temperatures at which larvae develop affect indi-
vidual growth and development rates, metabolic rates, and
energy requirements, all of which can influence mortality
(Houde 1989). Across a 25°C temperature range character-
istic of the difference between tropical and temperate con-
ditions (5-30°C), mortality rates of marine larvae can vary
four-fold, being highest at the higher temperatures. Growth
rates at these higher temperatures at any given size are six
times faster. Larval duration at the lower end of the tem-
perature range typically exceeds 100 days, whereas at 25—
30°C, metamorphosis occurs in 1 month or less.

One might expect that spending the least amount of time
as a small, vulnerable larva would lessen the chances of
both predation and mortality. However, the metabolic
requirements of small ectothermic animals such as fish
larvae increase in direct relationship to temperature. Gross
growth efficiency (weight increase/weight of food con-
sumed) is constant despite temperature. A larva, because of
its higher metabolic rate at higher temperatures, must
consume more food to achieve the growth rate of a larva
at lower temperatures. This is additionally compromised
because gross growth efficiency declines with increased
ingestion, and assimilation efficiency, which is how much
of the food is actually useful to the larva, declines with
increased temperature. To maintain the same average
g