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Preface

It’s been nearly a decade since the second edition of Aquaculture: An Introductory Text was published, so it
seems reasonable to add information that was either left out of the previous editions or, more importantly,
has been developed in the intervening years. Once again, my target audience for the book is undergraduate
students and individuals or lay groups who might be interested in learning more about the topic before deciding
to take the leap into some component of the aquaculture production sector. The book is also designed for
graduate students who have had no prior courses on aquaculture. The books listed at the end of the chapters
provide readers with the sources of more detailed information. A large number of journals, websites, published
abstracts from scientific meetings and a few magazines are devoted to aquaculture, or publish some informa-
tion on the subject. Among the journals devoted exclusively or largely to the subject are the following:

Aquaculture

Aquaculture International

Aquaculture Economics and Management
Bamidgeh (The Israeli Journal of Aquaculture)
Journal of Applied Aquaculture

Journal of Fisheries and Aquatic Science
Journal of the World Aquaculiure Society
North American Journal of Aquaculture

The Journal of Shellfisheries Research
Reviews in Aquaculture

Reviews in Fisheries Science

Reviews in Fisheries Science and Aquaculture

World Aquaculiure Magazine, a quarterly published by the World Aquaculture Society, provides up-to-date
information on the aquaculture industry, research, society meetings, regional activities of affiliated societies
and sections of the World Aquaculture Society and editorial comments on the subject.

In talking to several colleagues, there has been concern expressed that while there have been a number of
breakthroughs in aquaculture research in recent years, there has also been a good deal of duplication. I've
noticed that many studies conducted prior to the development of the Internet are not cited in journal articles.
Researchers should not depend solely on Internet searches, but need to spend time in the library looking at
physical copies of books and journals.

There are some other things that I might point out before you dive into the meat of this book. The list of
species under culture has been increased significantly. I’ve included not only new food animals, but also some
that are of interest as species for enhancement, recreational fishing, commercial fishing, aquaria or combina-
tions. Not all of the recreational and aquarium species that are produced in hatcheries around the world are
included, ’'m sure, nor was that my intent. The purpose is to show that aquaculture is more than producing
aquatic species for human consumption.

Some relatively newly developed culture systems are included; and I’ve included information on observed
or predicted impacts of climate change on aquaculture, and updated information on aquaculture production
statistics, in addition to providing additional and updated information on various other topics.
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General Overview of Aquaculture

Definitions
What is aquaculture?

Aquaculture can be defined in a number of ways.
The one I have used for many years is: aquaculture
is the rearing of aquatic organisms under controlled
or semi-controlled conditions. That is a fairly sim-
ple, but comprehensive definition. An abbreviated
definition is that aquaculture is: underwater agri-
culture. The longer of the two definitions can be
broken down into three major components:

® Aquatic refers to a variety of environments,
including fresh, brackish, marine and hyper-
saline waters. Each environment is defined on
the basis of its salinity (most simply the amount
of salt that is dissolved in the water). Salinity
is discussed in some detail in Chapter 4.

® Aquatic organisms refers to any organisms that
live or can live in water. A branch of aquacul-
ture called mariculture is reserved for aquatic
organisms reared in saltwater (which can range
from low to hypersaline water). Aquaculture
organisms of interest with regard to human
food include a wide variety of plants, inverte-
brates and vertebrates. In the plant kingdom,
we include algae along with higher plants and,
in some cases, terrestrial plants that are grown
using a method called hydroponics or aquapon-
ics (discussed in Chapter 9).

® Controlled or semi-controlled refers to the fact
that the aquaculturist is growing one or more
types of aquatic organisms in an environment
that has been altered to a greater or lesser extent
from the environment in which the species is
normally found. The amount of control that is
exerted by the aquaculturist can vary signifi-
cantly. Spreading oyster shell on the bottom of a
bay to provide a surface for settlement of larval
oysters is at one extreme, while operation of an
indoor hatchery that incorporates a water-reuse
system is at the other (see Chapter 3).

The oyster example would fit the definition of
extensive aquaculture where the culturist has little
control over the system but merely provides a more
suitable habitat for the animals; in this case the
spreading of oyster shell. The larval oysters (called
spat) may come from natural spawning or may be
produced and settled on oyster shell (cultch) in a
hatchery, which increases the level of interaction
between the culturist and the target species and
thus modifies the level of intensity in the overall
production process.

When operating a recirculating system, the aqua-
culturist exerts a high level of control and the system
is called intensive. Even just placing a culture unit
in the environment represents a means of control-
ling the animals that are being reared. Cages and
net pens are examples (see Chapter 3). There are a
number of other approaches that lie somewhere in
between the extremes of extensive and intensive.
Those are often referred to as semi-intensive sys-
tems. Systems that go beyond intensive are called
hyperintensive; so we can view aquaculture
approaches as ranging broadly from very simple to
highly complex, or — perhaps more precisely — as
ranging from systems that employ little technology
to those that rely heavily upon technology. It can be
argued that, as the amount of technology involved
in the culture system increases, so does the amount
of control that the culturist has over the system.
One can also argue that as the level of technology
employed increases, so does the probability of sys-
tem failure, since there are more things that can,
and often will go wrong as you add complicated
mechanics, work in harsher and harsher environ-
ments (like in the open ocean) and add electronic
systems (automatic feeders, water quality monitor-
ing, alarm systems, etc., discussed later in this vol-
ume). Persons who engage in aquaculture may be
called aquaculturists, independent of the type of water
system that is employed, or mariculturists, who
work with aquatic species in saline environments

© Robert R. Stickney 2017. Aquaculture: An Introductory Text, 3rd Edn (R.R. Stickney) 1 ]



(from low salinity to hypersaline waters). Depending
upon the type of organism(s) being reared, the cul-
turist may also be referred to as a fish farmer,
shrimp farmer, clam farmer, etc., or by an even
more limited restrictive title, such as rainbow trout
producer, catfish farmer, Atlantic halibut farmer, etc.

As you read this book, you will run into the
word seafood periodically. When I use that word,
you need to think in terms of all edible aquatic spe-
cies, not just those that are captured from, or cul-
tured in, saltwater. When you think about it,
seafood restaurants usually serve both marine and
freshwater species. There are exceptions, of course,
but in general, a mixture of marine and freshwater
species is typical. So seafood includes finfish, inver-
tebrates and often algae (such as in sushi wrappers,
salads and various other dishes).

While the above definitions are fairly simple,
they embrace an extremely broad and complex topic
that involves a broad array of scientific disciplines
and business management, along with engineering,
economics, accounting and trade skills. A serious
student of aquaculture should have experience (and
preferably have taken formal courses) in mathemat-
ics, chemistry (through at least organic), physics,
biology, business management and economics and,

if possible, some basic engineering. Mechanical
engineering is certainly beneficial and courses in
such subjects as hydrology and sanitary engineer-
ing can be useful. For many practising aquacultur-
ists, including those involved in certain types of
research, the ability to drive trucks and tractors
and having some skills in association with plumb-
ing, electrical wiring, welding, painting and carpen-
try are beneficial, if not required. Experience
pouring concrete will also often come in handy.
A list of skills and disciplines which are often useful
to aquaculturists and that reiterates what you have
just read is shown in Box 1.1. A high level of exper-
tise in each of the items on the list is not required,
though familiarity with the majority of them will
certainly be of value. I should point out that there
are a number of those disciplines in which I did
not/do not have much, if any, background. In fact,
there were no courses in general aquaculture avail-
able where I went to college. You probably will not
be able to begin a career in aquaculture having had
all the background you need, but you will quickly
acquire the knowledge and/or skills you need or
you will surround yourself with a complement of
people who have the skills you lack. If you do not,
it could be a difficult uphill battle to become successful.

Box 1.1.

Skills:  Plumbing
Carpentry
Welding
Electrical wiring

Painting
Concrete pouring and finishing

Truck driving (pickup trucks and larger)

Basic economics

Physics

Geology (particularly marine)
Limnology and/or oceanography
Nutrition (animal)

Aquatic animal disease

Basic engineering principles
Hydrology

Aquaculture and/or mariculture

A sampling of the skills and disciplines that are often of considerable value to the aquaculturist.

Computer (word processing, spreadsheets, control systems)

Operating equipment such as tractors, backhoes, bulldozers
Courses: Business management (bookkeeping, accounting, marketing)

Chemistry (particularly water chemistry and organic chemistry)
Biology (ichthyology, invertebrate zoology, physiology)

[2
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One thing you should take away from this book is
that aquaculture is not a science or a discipline that
stands on its own. It is made up of many disciplines
that come together and are required if a venture is
to become economically viable. An important
attribute of the successful aquaculturist is also a
high level of common sense.

What is involved?

The aquaculturist is often faced with making on-
the-spot decisions. The fish are at the surface look-
ing like they are gasping for air! What should I do?
This is where common sense comes into play. There
is no time to call in an expert and, if there were,
what type of expert would you call? If you know
who to call, do you know how to describe the
problem in sufficient detail so that the person can
provide a reasonable solution for you? Questions
that you may be asked by the person you call are:
Is there the possibility of a chemical in the water
such as a pesticide that is causing the problem? Can
you tell if your animals have a disease? You also do
not have time to study the situation. You have to
take action based upon your knowledge and, again,
a good measure of common sense. As you will see
in Chapter 4, the described behaviour is most com-
monly associated with oxygen depletion, so you
would immediately take steps to increase the dis-
solved oxygen level in the pond. To do that, you
need to not only know how to accomplish the task,
but also must have the proper means of doing so
quickly and efficiently.

In this book, the focus is on aquaculture that is
typically of a commercial nature. While that may
involve raising aquatic species as bait or for the
ornamental trade, the focus here is on production
of aquatic species that will be marketed as human
food. Having said that, it has been reported that
over 1 billion ornamental fish are traded around
the world each year. At least several hundred fresh-
water species and fewer, but increasing numbers of
marine species, are involved. Many of the fresh-
water species can be and are being produced by
aquaculturists, but only a few dozen marine species
are being commercially cultured. Marine ornamen-
tals involve not only finfish, but also a wide variety
of invertebrates. Interest is increasing within the
scientific community to address the issue, and some
breakthroughs have been made. Prior to a few
years ago when interest by the scientific community
began to increase, the majority of the breakthroughs

in ornamental aquaculture were made by hobbyists
and commercial producers who began working to
develop culture methods for species that could not
be taken through their entire life cycle in captivity
but had to be captured from the wild. The tech-
niques often appeared in aquarium magazines or,
when developed by a commercial ornamental spe-
cies producer, were not revealed so that the person
or company would, at least for a time, have a
monopoly on the methodology. You can be sure
that if one person figures out/solves a problem,
such as how to breed a particular species of cleaner
shrimp, someone else will also figure it out.

Another interest of aquaculturists is production
of non-food and non-ornamental species that have
commercial value. Those include pearl oysters
(marine) and freshwater pearl mussels. Aquaculturists
are also raising bath sponges, live rock and corals.
Live rock is produced by placing terrestrial rocks,
such as limestone, in the marine environment and
leaving them until they become colonized with
various benthic organisms. Then the rocks can be
sold into the marine aquarium trade. As in the case
of fingerprints, no two live rocks are the same.
They vary in terms of the species present and the
density of those species. Coral culture is similar
except that a suitable substrate, perhaps limestone
again, is placed in a location in the vicinity of a liv-
ing coral reef where naturally produced coral lar-
vae can settle on the substrate and grow. The
substrate is allowed to remain in place until the
corals that colonize it reach sizes where the rock
can be sold. People who purchase live coral need to
buy from reputable dealers who do not obtain their
coral by extracting pieces of natural reefs. Those
reefs are protected from poaching in many parts of
the world, but it is difficult, if not impossible, to
stop the practice of taking pieces from them that
eventually are marketed.

There is also the need, in some cases, for aqua-
culturists to raise live food, particularly for feeding
the early life stages of species that ultimately are
marketed. Some aquaculturists grow algae intended
for the production of nutritional supplements for
humans and/or for inclusion in aquaculture feeds
(e.g. Spirulina sp.) and to produce biodiesel fuel
(though biodiesel production from algae is not sig-
nificant at this time). There are also ornamental
and other species that require zooplankton (small,
often microscopic animals that drift in the water
column in fresh or marine waters) for food, espe-
cially during the early phases of the life cycles of

General Overview of Aquaculture
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fish and invertebrates, though in some cases through-
out their life cycles.

People who are interested in so-called backyard
aquaculture, with the aim of producing a crop for
their own use, can be accommodated by developing
a small-scale water system using some of the infor-
mation presented in Chapter 3. A considerable
portion of the aquaculture production in many
developing nations is artisanal; that is, small-scale
individual farmer or family operations designed to
either provide the family with food or, through
local sales, generate a modest amount of income.
Artisanal farm production most commonly is prac-
tised using small ponds, often with no feeding,
though inorganic or organic fertilizers are often
applied (see Chapter 4). Such artisanal approaches
typically mean that the culturist has to learn on the
job, though some training may be available from
other local producers or through government
extension programmes and written information.
Large commercial operations will employ skilled
professional aquaculturists who have credentials in
one or more specific areas of expertize and famili-
arity with others. Examples of the types of exper-
tise that is often required are presented in Box 1.1.
Professional aquaculturists, along with skilled
labourers, will have at their fingertips most, if not
all, of the knowledge required to make an opera-
tion successful. That does not mean that there will
not be occasions when outside expertise is needed.
For example, a disease may break out on a facility
that is not recognized by the staff. An aquaculture
veterinarian or fish pathologist may have to be
consulted to determine what the pathogen is and
what, if any, treatment might be effective against
that pathogen. The problem is that there are very
few veterinarians who specialize or even have any
knowledge of aquatic animal diseases unless the

aquaculturist is operating in an area where large
numbers of culture facilities are located (e.g. the
Hagerman valley in Idaho, which is the major rain-
bow trout growing area in the USA, and the catfish
growing region of Mississippi). Some universities
provide diagnostic services to aquaculturists,
though having the facility near one of those univer-
sities where a problem is recognized is a distinct
advantage.

Parsing the discipline by temperature

Aquaculture species tend to be classified as having
a preference for warm, cool or cold water. That
includes both plants and animals, though when we
think about temperature requirements, we nor-
mally think in terms of the culture of animals, not
plants. While not absolute, warmwater species tend
to grow optimally at or above 25°C (usually 25 to
30°C), while coldwater species exhibit optimum
growth at temperatures at or below 20°C.
Coolwater species typically grow best at tempera-
tures between 20 and 25°C (see Box 1.2). Most
commercially cultured species are either of the
warmwater or coldwater variety. Many popular
species cultured to stock recreational fisheries are
of the coolwater variety. The designation of warm-
water, coolwater or coldwater does not mean the
species will die if the water temperature falls out of
the optimal range. The optimal range is where
growth is usually best. Many species of finfish can
survive temperatures as low as 4°C, and some will
even eat when the water is that cold — otherwise
there would not be any interest in ice fishing. Many
fish can tolerate temperatures above 30°C, though
protein coagulates at 40°C, so there is a definite
limit. Commercial tilapia species can tolerate tem-
peratures at least as high as 34°C.

e A
Box 1.2.
A few examples of warmwater, coolwater and coldwater fish species.
Warmwater: Channel catfish (Ictalurus punctatus)
Tilapia (Oreochromis spp.)
Coolwater: Walleye (Stizostedion vitreum vitreum)
Northern pike (Esox lucius)
Coldwater: Rainbow trout (Oncorhynchus mykiss)
Atlantic salmon (Salmo salar)
Atlantic halibut (Hippoglossus hippoglossus)
N J

(4
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One species or more?

Culture systems may involve the production of one
species (monoculture) or they may contain two or
more species (polyculture, also called co-culture).
The latter approach is perhaps best exemplified by
Chinese carp culture in which several species of
carp are grown together in the same pond, with
each species using a different food source. Grass
carp (Ctenopharyngodon idella) eat higher plants,
while silver carp (Hypophthalmichthys molitrix)
and bighead carp (Aristichthys nobilis) consume
plankton. Mud carp (Cirrhinus molitorella) con-
sume benthic organisms and common carp (Cyprinus
carpio) are omnivorous. Other species, such as tila-
pia (Box 1.3) are often added to the mix or are used
as substitutes for one or more of the traditional
species. Carp farmers generally fertilize their ponds,
but in many cases they also provide supplemental
feed of various types (see supplemental feed in

Chapter 7). Hydroponic or aquaponic systems
(detailed in Chapter 9) often pair terrestrial or
aquatic plant culture with the culture of fish or
some other aquatic animal, in which case that
would also be a form of polyculture.

Integrated multitrophic aquaculture (IMTA) is
a term that has been coined in recent years to
describe polyculture systems that use secondary
species of plants and/or animals to produce addi-
tional marketable crops and also reduce the
environmental impact from the primary culture
species. An excellent example is the culture of
salmon (primary species) with some type of mol-
lusc (to remove particulate organic compounds)
and seaweed (to remove dissolved nutrients from
the system). Similarly, integrating seaweed with
the culture of at least one species of shrimp has
been shown to improve water quality in the cul-
ture system.

Ve

Box 1.3.

my suspicions.

ades.

When | took a position on the faculty of the Department of Wildlife and Fisheries Sciences at Texas A&M
University in the state of Texas USA in 1975, my primary expertise in aquaculture involved channel catfish and
flounders from a summer | spent in 1968 at the Fish Farming Experimental Laboratory in Stuttgart, Arkansas
(catfish) and the 5 years | spent at the Skidaway Institute of Oceanography in Georgia where | conducted
research on channel catfish for my PhD and then began studies to determine the potential of flounder aquacul-
ture by looking at their environmental and nutritional requirements.

I’d been in Texas for only a few months when | heard about a fish called tilapia that had appeared in Texas and
was present in some electric power plant cooling reservoirs, one of which was the subject of research by a col-
league at Texas A&M and his graduate students. In looking into information on tilapia | learned that they have
limited ability to survive at low temperatures, but by moving into the discharge canals of power plants during the
winter they are able to find temperatures that were adequate for their survival. | also learned that various species
of tilapia (then Tilapia spp., now Oreochromis spp.) were being cultured in some parts of the world (the Middle
East and Asia), but had only been imported to the USA in the 1960s by Auburn University in Alabama. That
university was working with aquaculture development in tropical Asia and South America to help provide animal
protein to the diets of people in those areas. Insofar as | could tell, there had been no attempts to stock tilapia in
public waters in the USA, so how the fish got into power plant reservoirs in Texas was a mystery, though | had

| collected some blue tilapia (Oreochromis aureus) from a power plant reservoir and later, working with one of
my graduate students, collected other species (interestingly, from water features at the San Antonio Zoo). Various
studies on nutrition, water quality tolerance, polyculture with freshwater shrimp and so forth were conducted by
my graduate students, though tilapia continued to be virtually unknown to the general public until some years
after we had become involved with research on them. Today, tilapia is a staple on the menu in US seafood res-
taurants (often kept live in tanks, particularly in Asian seafood restaurants) and is found virtually everywhere in
grocery stores (usually frozen). It was interesting to see the development of a significant aquaculture industry
with a species that was a virtual unknown in the USA to a popular foodfish in a period of only a couple of dec-

Tilapia culture also expanded greatly during the 1980s and 1990s, primarily in tropical areas, but even in tem-
perate areas where geothermal or other sources of warm water were available to provide temperatures suitable
for overwintering. One example is a large culture operation in geothermal water in the state of Idaho where
winter water temperatures fall well below 0°C, yet the outdoor culture system has year-round production.

General Overview of Aquaculture

5



Addressing Declining Capture Fisheries

In the 1950s, an oceanographer named John
Ryther estimated that the maximum amount of
seafood that could be harvested annually from the
world’s oceans was about 100 million tonnes. His
prediction was high for the oceans, which peaked
at about 85 million tonnes in the 1990s and has
fluctuated ever since, with some increases, as men-
tioned below, being contributed by new target spe-
cies, and perhaps controlled harvests by government
fisheries management agencies to control harvest
levels with the intention of allowing overfished
populations to recover. There may also have been
some increase due to enhancement (stocking hatchery-
produced fish in the oceans with the intent that
they would increase the harvest level when they
entered the fisheries). The positive impact of
enhancement is probably best associated with
salmon, and particularly Pacific salmon species.

Total annual fishery production figures include spe-
cies for direct human consumption and for non-
human consumption (e.g. species that are rendered
for fishmeal, which is used in terrestrial and aquatic
animal feeds, and fish oil, which is used in aquatic
animal feeds and in margarine in some countries). The
85 million tonnes total from the marine environment
also excluded plants, which would involve phyto-
plankton (usually single-cell, often microscopic, algal
species that grow suspended in the water column in
both fresh- and saltwaters) and seaweeds (also algae).

Many fisheries have declined precipitously, or
have even collapsed in the past few decades. The cod
(Gadus morhua) fishery in the North Atlantic off the
east coast of North America is an example of a fish-
ery that collapsed. The cod fishery off northern
Europe may not be far behind its North American
counterpart as it is in severe decline. Fisheries man-
agement agencies have implemented plans with the
intent of restricting or outlawing commercial fishing
on stocks that have collapsed, with the intention of
promoting the recovery of those stocks. Of interest
is the fact that due to the demand for sharkfin soup,
primarily in Asia, many shark species are now
threatened or endangered and are being protected
from fishing by some nations.

New or expanded fisheries, such as those for
squid and mussels, have helped maintain the total
harvest but the 100 million tonnes ceiling has not
been met. Squid, sold as calamari, are popular
today, but were largely unavailable — and were
generally thought of as being undesirable — in many

western hemisphere markets until about the 1980s.
Mussels were also thought to be inferior in some
western markets, but as in the case of squid (and
octopus), a demand was created and the total
amount of seafood available was maintained. Had
seafood marketing specialists not convinced the
public that squid, octopus, mussels and a variety of
other species that had been avoided or ignored by
many cultures were not only acceptable, but highly
desirable foods, the amount of biomass taken from
the ocean annually would undoubtedly be much
lower than the tonnage harvested each year at pre-
sent. However, it should also be kept in mind that
overfishing of the animals mentioned could also
occur. While there is little or no commercial pro-
duction of squid and octopus (though there is inter-
est and research activity), there is a considerable
amount of mussel production by aquaculturists.

In order to stop the decline and if possible pro-
mote the recovery of overfished wild populations,
fishery management organizations in many nations
have placed strict quotas on catches, and in some
instances have closed fisheries entirely. For fishes
that occur in international waters or off the coasts
of neighbouring nations, international management
agencies often exist. Examples are the International
Pacific Halibut Commission that involves the USA
and Canada, and the Inter-American Tropical Tuna
Commission with 16 member nations from around
the world.

Today, we are in a situation where the capture
fisheries, not only in the oceans, but also in fresh-
water are being fully exploited or overharvested in
nearly every case, yet the demand for seafood con-
tinues to rise. That increase in demand is fuelled in
part by the increasing human population but also
by the rising per capita consumption of seafood.
With the protection of most species of whales from
harvest, many populations of some of those mam-
mals have grown significantly, creating even more
pressure on some fishery species that compete with
the mammals for food items. However, if protec-
tion of whales from fishing has led to recovery with
regard to some species, perhaps the same can occur
with regard to finfish and invertebrate populations
that have declined due to overfishing.

Many scientific studies have shown certain
health benefits from eating fish. One recommenda-
tion is that everyone should eat at least two fish
meals a week. Thus, demand is increasing, while
supplies from the capture fisheries have yet to hit
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the predicted 100 million tonnes, even though new
wild captured species continue to enter the markets.
Often those species become overexploited within a
few years — one of many examples being orange
roughy (Hoplostethus atlanticus). That species is
found on the tops of seamounts in the South Pacific
and in deep water areas elsewhere, with the major
trawl fisheries having been established when concen-
trations of the fish were found in the deep ocean
waters off New Zealand and Australia. The fish
became popular and was widely exported in the form
of frozen fillets around the world. What the fisheries
biologists didn’t know was that the orange roughy
that were being harvested were very old (reportedly
the species can live for over 100 years), didn’t mature
until they were decades old and the young fish didn’t
recruit into the fishery for many years after being
produced. Thus, what had been reliable sources of
fish became, to put it mildly, overfished. Fishing is
now restricted in many regions, but recovery may
take decades or centuries.

According to statistics available from the Food
and Agriculture Organization of the United Nations
(FAQ, available at www.fao.org/fishery/statistics/en),
world fisheries production in 2013 was 92.6 million
tonnes. That appears as though the 100 million
tonnes is within reach; however, it includes inland
capture fisheries, which produced 11.7 million
tonnes that same year. Aquaculture production for
2013 totalled over 97,000 tonnes, which included
nearly 27,000 tonnes of aquatic plants. The aver-
age consumer has not seen any major reduction in
the availability of seafood in restaurants or super-
markets because aquaculture has been able to fill
the gap. The amount of production from aquacul-
ture (both in freshwater and from mariculture) has
increased markedly in recent years (Table 1.1). It
can be expected that the amount of aquaculture
production will eventually plateau, but when that
will occur is unknown.

Developing or former developing nations that
have been exporters of aquaculture products to

developed nations, largely in North America and
Europe, have increasingly large proportions of their
populations with the ability and desire to purchase
locally produced aquaculture products. China,
India and other Asian nations, plus several in Latin
America, are among those in which increasing per-
centages of aquaculture production are being con-
sumed domestically. As the trend continues, the
traditional importing nations may either have to
reduce their consumption of aquacultured products
or expand their own levels of production.

There is also this question: at what point do the
resources necessary for producing the aquaculture
products demanded by the world’s human popula-
tion reach their limit? Available amounts of water
and space could at some point preclude further
development of aquaculture on land. Competition
for (and the price of) land, and in particular coastal
land, will eventually stop further development of
aquaculture in many of the world’s coastal regions.
Competition for water by various users is already
having an impact on the further expansion of fresh-
water aquaculture in some regions. The open ocean
is virtually limitless, but at some point there may
not be enough resources (such as supplies of certain
feed ingredients) or proximity to land (offshore
operations located far from land may be too expen-
sive to produce a product that can be sold at a
profit) to allow continued expansion. At some
point, assuming human population growth does
not level off or decline in the future, food resources
from both traditional agriculture and aquaculture
may not be sufficient to support the numbers of
humans on earth. The consequences of that would
be catastrophic, though there seems to be little
interest in addressing the issue at present.

History of Aquaculture

Aquaculture has been practised for millennia. Its
origins appear to be rooted in China, perhaps as
much as 2000 years BC. The first known written

Table 1.1. Annual aquaculture production (millions of tonnes, excluding plants) from 2004 to 2013 from inland and
marine waters, total production and amount of total used for human consumption (www.fao.org/fishery/statistics/en).

Year 2004 2006 2008 2010 2012 2013

Inland aquaculture 24,540,677 27,982,205 32,424,744 36,786,367 41,958,711 44,684,866
Mariculture 17,368,181 19,274,082 20,526,792 22,251,278 24,518,589 25,504,981
Total 41,908,857 47,256,287 52,951,509 59,037,646 66,477,300 70,189,848
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record describing aquaculture and its benefits was
a very short book in Chinese written by Fan Li in
460 BC. By the time of that writing it is likely that
aquaculture had already become well established,
probably going back many centuries. The Japanese
reportedly began farming oysters intertidally about
3000 years ago, and a bas-relief from the period of
the Pharaohs of Egypt shows people fishing for
tilapia in what appear to be culture ponds. Oysters
were apparently cultured by the Romans nearly
2000 years ago. Preceding that by a few hundred
years was prototype aquaculture associated with
the Etruscans, who managed coastal ponds for fish
production. Seaweed culture in Korea apparently
dates back to the 15th century. Bath sponge culture
in China also appears to have a several hundred
year history.

Native Hawaiians constructed hundreds of
coastal ponds that were flooded by the tides as a
means of stocking them with marine organisms.
The animals were then allowed to grow to harvest
size. Pond construction preceded the discovery of
the Hawaiian Islands by Captain Cook in 1778 by
perhaps 500 years.

For literally thousands of years aquaculture was
practised as an extensive form of agriculture by fish
and shellfish farmers who shared techniques among
themselves and also learned through trial and error.
In the late 19th century, advances in aquaculture
began to be associated with the development of
new technology by naturalists and others who
brought a more scientific approach to the disci-
pline. The first applications of science being applied
to aquaculture can be attributed to investigators in
Europe and North America.

In 1871, Spencer F. Baird, then Secretary of the
Smithsonian Institution in Washington, District of
Columbia, USA, convinced the US Congress that an
agency was needed to develop methods to increase
the supply of fish in the nation’s waters. Some
aquatic animal populations were already in decline
due, in part, to overfishing. One of the first things
Baird did once the Commission was established
within a year of his floating the idea was to hire
fish culturists to develop the technology required to
mass produce, transport and stock various marine
and freshwater fishes and shellfishes in the nation’s
waters. Several of the very few fish culturists of the
time, including men like Seth Green, Charles
Adkins and Livingston Stone, were recruited to
work for the Commission. As a result of the activi-
ties of those men and their colleagues in the USA

and abroad - particularly in Europe — much of the
basic technology associated with modern fish cul-
ture was developed.

As the 20th century dawned, fish and shellfish
were being stocked by the hundreds of millions in
the USA and other countries. European brown
(Salmo trutta) trout were introduced to North
America, while North American rainbow trout
(Oncorbynchus mykiss) were distributed through-
out much of Europe and even as far away as New
Zealand. New Zealand also obtained chinook
salmon (Oncorbynchus tshawytscha — please do
not ask me how to pronounce the species name as
I have heard several pronunciations and do not
know which, if any of them, is correct) from North
America. A reproducing population of chinook
salmon became established in New Zealand and a
fishery for that species has been in place for well
over a century. In New Zealand, chinook salmon
are known by their Native American name: Quinnat
salmon.

The fish culturists of the late 19th century, again
in Europe and North America (though there was a
lot of activity in Asia that is not too well docu-
mented, at least in the English literature), devel-
oped many of the techniques that exist today.
Species with large eggs, such as trout and salmon,
could be fed in the hatchery, but those with small
eggs, which represent the majority, could not.
Larval salmonids were often fed boiled poultry egg
yolk, while older fish were often fed meat from ter-
restrial animals (e.g. horse meat) and it was not
until the 1950s that feeds formulated to meet their
nutritional requirements began to be developed.
John Halver, then an employee of the US Fish and
Wildlife Service, can be credited with determining
many of the salmonid nutritional requirements in
that decade and continued to contribute to the sci-
ence of fish nutrition until his death in 2012.

In the 19th century, while billions of eggs and
larvae could be produced - often of species for
which the original techniques were lost and have
had to be redeveloped in modern times — there was
no way to feed the young animals of many highly
fecund animals, for example, so they were released
into the wild at first hatching with the hope that
some would survive. In point of fact, it is likely that
the vast majority of the larval fish released from
hatcheries (or in some cases as eggs) became food
for other species or perished and decomposed.

Establishment of species outside of their native
regions of occurrence was rare, again largely
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because they were stocked at very early stages of
development and extremely small sizes, thus having
little chance for survival. Transporting them long
distances to introduce them to new areas was usu-
ally not a reasonable approach. There were a few
exceptions, such as the establishment of striped
bass (Morone saxatilis), which is native to the east
coast region of the USA, in California, and the
establishment of common carp (C. carpio) through-
out much of North America after their importation
from Europe. Atlantic salmon (Salmo salar) eggs
and fry were shipped to the west coast of the USA
by the millions in the late 1800s and early 1900s,
where they were ultimately released, never to be
seen again. Pacific salmon eggs (Oncorbynchus
spp.) were shipped east, put in hatcheries and ulti-
mately released to augment Atlantic salmon stocks.
Again, there is no record of survival of Pacific
salmon on the eastern seaboard of North America.

Pacific salmon were established in the US Great
Lakes in the 1960s. Loren Donaldson, who began
working with salmon culture at the University of
Washington in the 1930s, provided salmon for
stocking in the Great Lakes, creating what is now a
US$4 billion annual recreational fishery. Donaldson
is also famous for constructing a return pond at the
University of Washington in 1949 on the campus to
which salmon returned annually. This pond gave
students the opportunity to allow the salmon to
spawn and hatch, then rear to smoult size and
release them. It is unfortunate that the return pond,
and the important chance for students to learn
about salmon hatchery management that it pro-
vided, was eliminated after 60 years of operation.

I was privileged to have had the opportunity to
get to know ‘Doc’ Donaldson when I was affiliated
with the University of Washington from 1985 to
1996. He continued to spend time in his office at
the university long after his official retirement in
the 1970s, counselling graduate students and deliv-
ering flowers to the various offices in the fisheries
building.

While the fish culturists of the latter part of the
19th century would not have even dreamed of
computer-controlled water systems, fibreglass cul-
ture tanks or polyvinyl chloride (PVC) plumbing,
the modern fish hatchery would look somewhat
familiar to the pioneer culturists, who had very
primitive facilities. I like to think that, if those early
fish culturists were alive today, they would be able
to walk into a modern hatchery and recognize
much of what they would see (Fig. 1.1).

Fig. 1.1. Wooden raceways at a salmon hatchery in
the late 19th century were similar to modern hatchery
raceways except for the material used in construction.

In the early years, glass jars were used to incu-
bate fish eggs, fry were being reared in linear race-
ways such as those shown in Fig. 1.1 (see Chapter 2,
for a discussion on raceways), devices had been
developed to aerate water and various species were
being transported live around the world. Jars or
containers of various shapes are still sometimes
used to hatch fish eggs, though today they are likely
to be made out of plastic or Plexiglas® rather than
glass.

In Europe and North America, much of the
aquaculture that was being conducted prior to the
middle of the 20th century was in association with
government hatcheries and a few private farms that
often focused on the production of recreational
species. Shellfish, particularly oysters, were an
exception in that they were being actively cultured
in many nations. China, of course, continued the
practice of carp polyculture that had been devel-
oped millennia earlier. A few commercial trout
farms were in existence in the USA during the first
half of the 20th century and farmers in some areas
of the southern USA were looking at buffalo fish
(Ictiobus sp.) as a possible cash crop. By around
1960, those farmers had moved away from buffalo
fish and were establishing the channel catfish
(Ictalurus punctatus) industry.

During the 1930s, tilapia (primarily Oreochromis
spp.) were introduced from their native Africa and
the Middle East to tropical Asia where they quickly
became established. The average Filipino, Malaysian
or Indonesian of today does not recognize tilapia as
being an exotic species, since the majority of their
populations grew up consuming locally caught or
cultured tilapia.

General Overview of Aquaculture
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The decade of the 1960s represents the period
when aquaculture began to capture the attention of
entrepreneurs, university researchers and the public
in the developed world. Trout farming — particu-
larly of rainbow trout (Oncorbynchus mykiss) —
was expanding in the USA; research in Great
Britain on plaice (Pleuronectes platessa) was under
way; the channel catfish industry (Ictalurus puncta-
tus) was developing rapidly, first in Alabama and
Arkansas and later in Mississippi, which is now the
dominant state in terms of production; research on
tilapia (Oreochromis spp.) had begun in various
nations; tilapia were introduced to the Americas;
and interest among researchers to develop even
more cultured species began to blossom.

This is not to say that aquaculture was not a
prominent activity in other locations and with other
species by the 1960s. In their landmark 1972 trea-
tise on aquaculture, John Bardach, John Ryther and
William McLarney (see the reference in the
‘Additional Reading’ section at the end of this chap-
ter) chronicled the global state of affairs and pre-
sented detailed information on the methods used to
produce a variety of seaweeds, fishes and shellfish.
At that time production was largely for domestic
consumption and was centred in Asia. International
trade in aquaculture products had yet to be devel-
oped. Bardach et al. described techniques associated
with the production of common carp, Chinese carp,
Indian carp, catfish, tilapia, milkfish, eels, trout,
salmon, striped bass, yellowtail, flatfishes, shrimp,
crayfish, crabs, oysters, clams, cockles, scallops,
mussels, seaweeds and others, including species of
primarily recreational fishing interest that were cov-
ered in their book. See Table 1.2 for the common and
scientific names of species currently being cultured.
The list has expanded significantly not only since
1972, but also since the second edition of this book
was published. T doubt that the list in Table 1.2 is
complete, as it is based on species for which
research results have been published. By 1972 some
species were of only local interest, like yellowtail
(Seriola quinqueradiata) in Japan, while others,
such as common carp (C. carpio), were being cul-
tured in many nations. Carp culture was occurring
in Europe (including Eastern Europe), and had been
for centuries. Other carp-producing countries were
Haiti, India, Israel, Indonesia, Japan, Nigeria, the
Philippines, the United Arab Emirates and the
USSR. In the USA, the channel catfish industry was
growing rapidly but had only been in existence a
little over a decade by 1972.

There was some interest by 1972 in developing
economically viable culture techniques for such
difficult-to-rear species as Florida pompano
(Trachinotus carolinus) and American lobster
(Homarus americanus), but aquaculture of many
species, particularly in the tropics, was largely a
subsistence activity. That is, aquaculture species
were being cultured by small farmers primarily for
home or village consumption.

Compared with production levels today, those of
the 1960s tended to be very low. For example,
channel catfish farmers in the USA produced from
225 kg/ha to 500 kg/ha in their ponds, compared
with up to ten times or even more of those levels
today. Feeds were primitive, diseases and their
treatment were not well understood and water
quality requirements had not been well defined.
Those problems, which were certainly not limited
to the catfish industry but affected virtually all
aquaculturists regardless of what they were raising,
became topics of interest for a growing cadre of
aquaculture scientists during the 1970s and pro-
gress was rapid. There was a great deal of optimism
surrounding the notion that aquaculture could fill
the anticipated gap between supply and demand of
fisheries products as the predicted peaking of the
supply of products from the world’s capture fisher-
ies grew increasingly imminent.

In the USA, a few government laboratories and
various academic institutions became interested in
aquaculture before there was much of a commer-
cial industry outside of trout and catfish. Unlike the
development of agricultural research, which came
in response to the needs of farmers, aquaculture
research actually was out in front of the industry’s
development in many instances. Part of the expla-
nation for the difference lies in the fact that tech-
niques associated with the culture of the few
aquatic species that were commercially reared prior
to the 1960s had been developed in government
hatcheries for the purpose of stocking the nation’s
waters, so at least a few universities offered courses
in fish culture in their departments of biology, fish-
eries, or wildlife and fisheries. A College of Fisheries
had even been established at the University of
Washington early in the 19th century; this offered
courses in culturing fish among many other things,
but initially focused on seafood science. However,
only a few farmers had adopted the techniques and
begun commercial production. In most instances,
researchers in universities evaluated new species
that might be of commercial interest and developed
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Table 1.2. Edible plants, invertebrates and vertebrates that are commercially cultured, under development, or

considered as good candidates for culture. For algae, see Table 1.3.

Taxonomic group Common name Scientific name
Algae (seaweeds) Bangia Bangia fuscopurpurea
Eucheuma Eucheuma sp., Kappaphycus alvarezii
Gracilaria Gracilaria sp.
Kelp Laminaria sp.
Nori Porphyra sp.
Laver Porphyra yezoensis
Wakame Undaria pinnatifida
Macrophytes Chinese water chestnut Eleocharis dulcis
Watercress Nasturtium sp.
Echinoderms Sea cucumbers Apostichopus japonicus
Australostichopus mollis
Holothuria arguinensis, Holothuria spinifera
Black Holothuria leucospilota
Brown Stichopus mollis
California Parastichopus californicus
Curry fish Stichopus horrens
Sandfish Holothuria scabra
Sea urchins Anthocidaris crassispina, Evechinus chloroticus
Loxechinus albus, Lytechinus variegatus
Paracentrotus lividus, Psammechinus miliaris
Strongylocentrotus droebachiensis
Strongylocentrotus intermedius
Strongylocentrotus nudus
Strongylocentrotus purpuratus, Tripneustes gratilla
Molluscs Abalone
Black lip Haliotis rubra
Disc (Ezo) Haliotis discus discus
Donkey’s ear Haliotis asinine
Ezo Haliotis discus hannai
Giant Haliotis gigantean, Haliotis madaka
Green Haliotis fulgens philippi
Greenlip abalone Haliotis laevigata
Japanese Haliotis diversicolor
Northern (Pinto) Haliotis kamtschatkana
Ormer Haliotis tuberculata

Paua (Blackfoot)
Paua (Virgin)
Paua (Queen)
Red
South African
Taiwan

Arkshell
Clam, Asian hard
Black
Blood cockle (mud clam)
Carpet shell
Hard clam
Geoduck

Manila
Northern quahog
Pullet carpet shell

Haliotis iris

Haliotis virginea

Haliotis australis

Haliotis rufescens

Haliotis midae

Haliotis diversicolor

Anadaria sp., Scapharca subcrenata
Meretrix meretrix

Chione fluctifraga

Tegillarca (Anadara) granosa
Ruditapes decussatus

Meretrix lusoria

Panopea abrupta, Panopea generosa
Panopea globose, Panopea zelandica
Ruditapes philippinarum

Mercenaria mercenaria

Venerupis pullastra

Continued
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Table 1.2. Continued.

Taxonomic group

Common name

Scientific name

Razor

Short neck (False)

Southern quahog

Sunray venus

Timid venus

White

Xishishe
Cockle, Basket

Blood

Common
Conch, Queen
Gastropods

Apple snail

Loco

Snalil

Spotted Babylon

Turban snail
Mussel, Blue

Bay

Brown®

Chilean blue

Cholga

Green

Green-lipped

Horse-bearded

Korean

Mediterranean

Rainbow mussel
Octopus

Oyster, American
European flat
Indian back-water
Cortez
Mangrove
Pacific
Slipper cupped
Suminoe or Asian
Sydney rock

Penshell

Scallop, Bay
Catarina
Giant
Huaguizhikong
Japanese or Yesso
King
Northern
Lion’s paw
Nucleus
Purple
Queen

Ensis arcuatus, Ensis siliqua, Solen marginatus
Paphia malabarica
Mercenaria campechiensis
Macrocallista nimbosa
Gafarium tumidum

Spisula solida
Coelomactra antiquata
Clinocardium nuttallii
Anadaria granosa
Cerastoderma edule
Strombus gigas

Pomacea patula
Concholepas concholepas
Semisulcospira gottschei
Babylonia areolata
Lithopoma undosa

Mytilus edulis

Mytilus trossulus

Perna perna

Mytilus chilensis
Aulacomya ater

Perna viridis

Perna canaliculus
Modiolus barbatus
Mytilus coruscus

Mytilus galloprovincialis
Villosa iris

Octopus maya, Octopus mimus,
Octopus vulgaris
Robsonella fontaniana
Enteroctopus megalocyathus
Crassostrea virginica
Ostrea edulis

Crassostrea madrasensis
Crassostrea corteziensis
Crassostrea gasar
Crassostrea gigas
Crassostrea iredalei
Crassostrea ariakensis
Saccostrea glomerata
Atrina maura

Argopecten irradians
Argopecten circularis, Argopecten ventricosus
Placopecten magellanicus
Chlamys nobilis
Patinopecten yessoensis
Pecten maximus
Argopecten purpuratus
Nodipecten subnodosus
Agropecten nucleus
Argopecten purpuratus
Chlamys opercularis

Continued
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Table 1.2. Continued.

Taxonomic group Common name Scientific name

Sea Placopecten magellanicus

Spiny rock Spondylus limbatus

Zhikong Chlamys farreri

Whelk Dicathais orbita, Hemifusus ternatanus

Crustaceans Crab, Blue swimmer Portunus pelagicus

Chinese mitten Eriocheir sinensis

Mud Scylla paramosain, Scylla serrata

Red Charbdis feriatus, Scylla tranquebarica

Spider Maja brachydactyla, Maja squinado

Swimming Portunus trituberculatus

Tiger Orithyia sinica

Crayfish (Crawfish), Marron
Narrow clawed
Noble
Red claw
Reculilla
Red swamp
Signal
White river
Yabbie

Lobster, American
Bay
East coast rock
Eastern spiny
European
Florida
Green rock
Japanese spiny
Ornate rock
Southern rock
Spiny
Spiny red rock
Western rock

Shrimp, Amazon river prawn
Banana
Black tiger
Blue
Brazilian pink
Cauque
Chinese
Freshwater
Indian river
Indian white
Japanese freshwater
Kuruma
Longarm river prawn
Malaysian giant freshwater
Monkey River
Pacific white
Pink
Ridgetail white
Southern brown
Southern white

Cherax tenuimanus

Astacus leptodactylus
Astacus atacus

Cherax quadricarinatus
Procambarus acanthophorus
Procambarus clarkii
Pacifastacus leniusculus
Procambarus acutus
Cherax destructor

Homarus americanus
Thenus spp.

Panulirus homarus rubellus
Sagmariasus verreauxi
Homarus grammarus
Panulirus argus
Sagmariasus verreauxi
Panulirus japonicus
Panulirus ornatus

Janus edwardsii

Panulirus argus

Janus edwardsii

Panulirus cygnus
Macrobrachium amazonicum
Penaeus merguiensis
Penaeus monodon
Litopenaeus stylirostris
Farfantepenaeus paulensis
Macbrachium americanum
Fenneropenaeus chinensis
Macrobrachium nipponense
Macrobrachium malcolmsonii
Fenneropenaeus indicus
Macrobrachium nipponense
Marsupenaeus japonicus
Macrobrachium tenellum
Macrobrachium rosenbergii
Macrobrachium lar
Litopenaeus vannamei
Penaeus paulensis
Exopalaemon carinicauda
Farfantepenaeus subtilis
Litopenaeus schmitti

Continued
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Table 1.2. Continued.

Taxonomic group

Common name

Scientific name

Finfish

Western king
African bonytongue
Amberjack
Greater
Anchovy, European
Arapaima (Pirarucu, Paiche)
Asp
Atlantic spadefish
Ayu
Barb, Olive
Silver
Barramundi
Bass, Palmetto®
Striped
Sunshine?
Beakfish, Pacific (San Pedro)
Bream, Oriental
Wuchang
Brill
Burbot
Butterfly Peacock bass
Catfish, African (Vandu)
Australian
Barred (Surobim)
Basa (Mekong)
Blue
Butter
Cachara (Striped surubim)
Channel
Chinese longsnout
Darkbarbel
Far eastern (Korean)
Giant river
Green (River)
Hybrid surubim

Indian
Jundia or Silver
Pangus
Pintado
Sampa or Vundu
Sharptooth
Stinging catfish (Singhi)
Tra (Striped, Sutchi)
Trey pra
Wels
Yellow
Charr, Arctic
Chinese perch (Mandarin fish)
Cobia
Cod, Atlantic
Murray
Croaker, Atlantic

Penaeus latisulcatus

Heterotis niloticus

Seriola rivoliana

Seriola dumerili

Engraulis encrasicolus

Arapaima gigas

Aspius aspius

Chaetodipterus faber

Plecoglossus altivelus

Puntius sarana

Puntius (Barbonymus) gonionotus

Lates calcarifer

Morone chrysops x Morone saxatilis

Morone saxatilis

M. saxatilis x M. chrysops?

Oplegnathus insignis

Abramis brama orientalis

Megalobrama amblycephala

Scophthalmus rhombus

Lota lota

Cichla ocellaris

Heterobranchus longifilis

Tandanus tandanus

Pseudoplatystoma punctifer

Pangasius bocourti

Ictalurus furcatus

Ompok bimaculatus

Pseudoplatystoma reticulatum

Ictalurus punctatus

Leiocassis longirostris

Pelteobagrus vachelli

Silurus asotus

Sperata seenghala

Mystus nemurus

Pseudoplatystoma punctifer x Pseudoplatystoma
fasciatum

Clarias batrachus

Rhamdia quelen

Pangasius hypophthalmus

Pseudoplatystoma corruscans

Heterobranchus longifilis

Clarias gariepinus

Heteropneustes fossilis

Pangasius (Pangasianodon) hypophthalmus

Pangasius djambal

Silurus glanis

Pelteobagrus fulvidraco

Salvelinus alpinus

Siniperca chuatsi

Rachycentron canadum

Gadus morhua

Maccullochella peelii

Micropogonias undulatus

Continued
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Table 1.2. Continued.

Taxonomic group Common name Scientific name
Large yellow Pseudosciaena crocra
Miiuy croaker Miichthys miiuy
Nibe Nibea mitsukurii
Whitemouth Micropogonias furnieri
Culter Culter mongolicus
Curimba Prochilodus lineatus
Cyprinids, African carp Labeo parvus
Bata Labeo bata
Bighead carp Aristichthys nobilis
Catla Catla catla

Chinese longsnout carp
Common carp
Grass carp
Kuria labeo
Mahseer
Mrigal
Mud carp
Orangefin labeo
Rock carp
Rohu
Sahar
Silver carp
Snowtrout
Dentax
Pink
Dourado
Drum, Cuneate
Red
Shi
Yellow
Eel, American
European
Japanese
Marbled
New Zealand shortfin
New Zealand longfin
Rice field (Asian swamp)
Shortfin
Flounder, Barfin
Brazilian
Cortez
Olive
Southern
Stone
Summer
Winter
Yellowtail
Goby, Marble
Golden trevally
Grayling, European grayling

Grouper, Brown-marbled (Tiger)

Dusky
Giant

Leiocassis longirostris
Cyprinus carpio
Ctenopharyngodon idella
Labeo gonius

Tor douronensis, Tor tambroides
Cirrhinus mrigala

Cirrhina molitorella
Labeo calbasu

Procypris rabaudi

Labeo rohita

Tor putitora
Hypophthalmichthys molitrix
Schizothorax richardsonii
Dentax dentax

Dentax gibbosus
Salminus brasiliensis
Nibea miitchthiodes
Sciaenops ocellatus
Umbrina cirrosa

Nibea albiflora

Anguilla rostrata

Anguilla anguilla
Anguilla japonica
Anguilla marmorata
Anguilla australis
Anguilla dieffenbachia
Monopterus albus
Anguilla bicolor
Verasper moseri
Paralichthys orbignyanus
Paralichthys aestuarius
Paralichthys olivaceus
Paralichthys lethostigma
Kareius bicoloratus
Paralichthys dentatus
Pseudopleuronectes americanus
Pleuronectes ferrugineus
Oxyeleotris marmorata
Gnathanodon speciosus
Thymallus thymallus
Epinephelus fuscogutattus
Epinephelus marginatus
Epinephelus lanceolatus

Continued
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Table 1.2. Continued.

Taxonomic group

Common name

Scientific name

Humpback
Kelp grouper
Leopard
Leopard coral
Longtooth
Orange spotted
Malabar
Sevenband grouper
Grunt, Yellow-spotted
Haddock
Hake, European
Halibut, Atlantic
California
Pacific
Spotted
Hapuku
Knifejaw, Barred (Striped), Rock bream
Kutum
Loach, Dojo (Weatherfish)
Mackerel, Chub
Horse
Jack
Mabhi-mahi (Dolphin)
Mandarin fish
Meagre
Milkfish
Mojarra, Mexican
Mola
Mrigal
Mudskipper
Mullet, Striped
Thicklipped grey
Thinlip
Mulloway (Dusty kob)
Pacama
Pacific threadfin (Moi)
Pacu
Black
Red
Paddlefish
Pearlspot cichlid
Pejerrey
Perch, Eurasian
Jade
Sea
Silver
Yellow
Pigfish
Plaice
Pollack
Pomfret, Silver
Pompano
Golden

Cromileptes altivelis
Epinephelus bruneus
Mycteroperca rosacea
Plectropomus leopardus
Epinephelus bruneus
Epinephelus coioides
Epinephelus malabaricus
Epinephelus septemfasciatus
Plectorhinchus cinctus
Melanogrammus aeglefinus
Merluccius merluccius
Hippoglossus hippoglossus
Paralichthys californicus
Hippoglossus stenolepis
Verasper variegatus
Polyprion oxygeneios
Oplegnathus fasciatus
Rutilus frisii kutum
Misgurnus anguillicaudatus
Scomber japonicas
Trachurus mediterraneus
Trachurus japonicas
Corhyphaena hippurus
Siniperca chuatsi
Argyrosomus regius
Chanos chanos
Cichlasoma urophthalmus
Amblypharyngodon mola
Cirrhinus mrigala
Pseudopocyptes elongates
Mugil cephalus

Chelon labrosus

Mugil ramada
Argyrosomus japonicus
Lophiosilurus alexandri
Polydactylus sexfilis
Piaractus mesopotamicus
Colossoma macropomum
Piaractus brachypomus
Polyodon spathula
Etroplus suratensis
Odontesthes bonariensis
Perca fluviatilis

Scortum barcoo
Lateolabrax japonicus
Bidyanus bidyanus

Perca flavescens
Orthopristis chrysoptera
Pleuronectes platessa
Pollachius pollachius
Pampus argenteus
Trachinotus americanus
Trachinotus blochii

Continued
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Table 1.2. Continued.

Taxonomic group

Common name

Scientific name

Ovate
Porgy, red
Puffer, Bullseye
Striped
Tawny
Tiger puffer
Punti
Rabbitfish, Pearly spinefoot
Spinefoot
Sablefish
Salmonids, Amago
Atlantic salmon
Brown trout
Chinook salmon
Chum salmon
Coho salmon
European huchen
Masu salmon
Rainbow trout
Scup
Seabass
Barramundi
Black
Brown rockfish
Dark-banded rockfish
European
Grass rockfish
Japanese
Korean rockfish
Seabream, Black
Blackspot
Blunt snout
Gilthead
Red
Redbanded
Sharpsnout
Sobaity (Bluefin)
Two-banded
White
Yellowfin
Vimba
Smelt, Japanese
Snakehead, Chevron (Striped murrel)
Northern
Snapper, Australian
Emperor
Mangrove red
Pacific red
Pandora
Red
Spotted rose
Snook, Bay
Common

Trachinotus ovatus
Pagrus pagrus
Sphoeroides annulatus
Takifugu obscurus
Takifugu flavidus
Takifugu rubripes
Puntius sophore
Siganus canaliculatus
Siganus rivulatus
Anoplopoma fimbria
Oncorhynchus masou
Salmo salar

Salmo trutta
Oncorhynchus tshawytscha
Oncorhynchus keta
Oncorhynchus kisutch
Hucho hucho
Oncorhynchus masou
Oncorhynchus mykiss
Stenotomus chrysops

Lates calcarifer

Centropristis striata and Sparus macrocephalus

Sebastes auriculatus

Sebastes inermis

Dicentrarchus labrax

Sebastes rastrelliger

Lateolabrax japonicus

Sebastes schlegeli

Acanthopagrus schlegeli

Pagellus bogaraveo

Megalobrama amblycephala

Sparus aurata

Pagrus major

Pagrus auriga

Diplodus puntazzod or Puntazzo puntazz

Sparidentex hasta

Diplodus vulgaris

Diplodus sargus

Acanthopagrus latus

Vimba vimba

Hypomesus nipponensis

Channa striata

Ophiocephalus argus

Pagrus auratus

Lujanus sebae

Lutjanus argentimaculatus

Lutjanus peru

Pagellus erythrinus

Lutjanus campechanus

Lutjanus guttatus

Petenia splendida

Centropomus undecimalis
Continued
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Table 1.2. Continued.

Taxonomic group

Common name

Scientific name

Amphibians

Reptiles

Fat
Sole, Aguhlas
Common
Half-smooth tongue sole
Senegal
Tongue
Wedge
Streaked prochid
Sucker, Chinese
June
Sweetlips, Indian Ocean oriental
Tambaqui
Tautog
Tench
Tilapia, Blue
Milawian
Mozambique
Nile
Redbreast
Totoaba
Striped trumpeter
Tuna, Northern Bluefin
Pacific Bluefin
Southern bluefin
Yellowfin
Turbot
Sturgeon, Beluga
Chinese
Russian
Shortnose
Siberian
Sterlet
Stellate
White
Waigieu seaperch
Whitebait
Whitefish, European
Wolffish, Spotted
Wreckfish
Yellowtail
Yellowtail kingfish
Yellowtail tetra
Zander
Bullfrog
Chinese frog
American alligator
Big-headed turtle
Chinese soft-shelled turtle
Three-keeled pond turtle

Centropomus parallelus
Austroglossus pectoralis
Solea solea

Cynoglossus semilaevis
Solea senegalensis
Cynoglossus semiaevis
Dicologoglossa cuneata
Prochilodus lineatus
Myxocyprinus asiaticus
Chasmistes liorus
Plectorhinus vittatus
Colossoma macropomum
Tautoga onitis

Tinca tinca

Oreochromis aureus
Oreochromis shiranus
Oreochromis mossambicus
Oreochromis niloticus
Tilapia rendalli

Totoaba macdonaldi
Latris lineata

Thunnus thynnus
Thunnus orientalis
Thunnus maccoyii
Thunnus albacares
Scophthalmus maximus
Huso huso

Acipenser sinensis
Acipenser gueldenstaedtii
Acipenser brevirostrum
Acipenser baeri
Acipenser ruthenus
Acipenser stellatus
Acipenser transmontanus
Psammoperca waigiensis
Galaxias maculatus
Coregonus lavaretus
Anarhichas minor
Polyprion americanus
Seriola quinqueradiata
Seriola lalandi

Astyanax altiparanae
Sander lucioperca

Rana catesbeiana
Hoplobatrachus rugulosa
Alligator mississippiensis

Platysternon megacephalum

Pelodiscus (Trionx) sinensis
Chinemys reevesii

20nly named hybrids are listed in the table. A number of hybrid invertebrate and vertebrate species are being cultured; for example, the
hybrid channel catfish x blue catfish that has become popular in the USA in the past few years.
The brown mussel is highly invasive in areas outside of its native range. For example, brown mussels clog pipelines and attach to boats
from which they can be transferred to new sites. However, in some areas they are cultured as highly desirable human food species.
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the technology needed for successful farming
before the commercial industry for those new
species became established. Techniques for the
culture of such recreational fish species as large-
mouth bass (Micropterus salmoides), bluegill
(Lepomis macrochiris), northern pike (Esox lucius)
and muskellunge (Esox masquinongy) had been
worked out in government facilities; as had, by the
way, the techniques for spawning channel catfish
(I. punctatus) and other species that were ulti-
mately commercialized.

Most species of interest to terrestrial farmers —
both plants and animals — were already being
grown in the USA prior to the recognition by pro-
ducers of the need for research. Thus, farmers
drove the impetus for agricultural research. The
opposite was largely true for aquaculture, where
researchers often developed the techniques required
to rear new species before commercial culturists
became interested. That was true not only in North
America, but also in Europe. As a corollary, there
are few — if any — new species being developed for
agriculture (genetically engineered organisms
aside), while aquaculture researchers continue to
search for new species that might be adopted by
producers. Today, it is said that there are hundreds
of species of plants and animals being produced in
aquaculture for human consumption. What I hope
is the majority of them are listed in Table 1.2. The
primary species of terrestrial animals being reared
for human consumption compared to species of
aquaculture interest is revealing (Box 1.4).

Some species of interest have been found difficult
to culture though, as knowledge about their envi-
ronmental, nutritional and other unique require-
ments becomes better understood, progress is
being made in many cases. Included are American
(H. americanus) and Florida (Panulirus argus) lob-
sters and spiny lobsters (various species), along

with many species of crabs. Some culture of mud
crabs is presently under way in South-east Asia.
Rearing of lobsters is impeded by the fact that 9
months to 1 year of larval development is required
before metamorphosis into the juvenile stage, at
which time they, finally and at long last, take on the
appearance of the adult. During those months the
larvae are rather feathery in appearance and are
very fragile. If even as few as two of them come
into contact with one another, they are likely to
become intertwined, in which case they will die.
Some success in growing wild captured puerulus
larvae of spiny red rock lobster (Janus edwardsii) in
sea cages has been achieved in New Zealand. The
process of growing the larvae to market size takes
2-3 years.

American lobsters (H. americanus) — the ones
with the big claws or chelae — are highly cannibal-
istic. When one animal in a confined area such as
an aquaculture tank moults (sheds its exoskeleton
so it can grow), it is vulnerable to attack by the
others. Crabs typically exhibit the same behaviour
as American lobsters. The result of stocking a large
number of lobsters or crabs in a single container
may be that you end up with one large animal. One
way around the problem is to stock the animals in
separate chambers, or lobster and crab condomini-
ums. There appears to have been some luck associ-
ated with rearing crabs communally if they are fed
frequently enough that they do not attack members
of the community that have just moulted. Marine
shrimp (family Penaeidae and often referred to as
penaeids) tend to be much less cannibalistic, though
cannibalism has been a problem with freshwater
shrimp such as the Malaysian giant freshwater
shrimp (Macrobrachium rosenbergii, as described
in Box 1.5).

During the 1960s and 1970s, a lot of attention
was focused on shrimp culture. Two techniques for

Ve

Box 1.4.

Poultry (chickens, ducks, turkeys, geese)
Swine

Camels
Horses
Goats
Sheep

Primary livestock species groups being cultured in the world.

Cattle (beef cattle, dairy cows, buffalo, water buffalo)

N\
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Box 1.5.

Freshwater shrimp are commonly referred to as freshwater prawns by both producers and aquaculture scientists.
In reality, the term prawn refers to any large shrimp, regardless of the species or where it lives, so in this book
the terms marine shrimp and freshwater shrimp are both used, though prawn is used in Table 1.2 where the

common name involving that word is recognized.

larval rearing were developed, one in Taiwan (the
green water system), the other in the USA (the
Galveston system). The green water system, as the
name implies, involves maintaining a high level of
phytoplanktonic algae cells in the medium where
the developing eggs and larvae are being cultured.
The Galveston system uses hatching and larval-
rearing facilities that do not have phytoplankton
added. Because some species of Asian shrimp were
much more amenable to culture than the shrimp
that inhabit US waters, culture of native species in
the USA was largely abandoned, though some
interest in their culture for the bait industry has
emerged in recent years.

Tuna are examples of finfish that have been dif-
ficult to culture. While the techniques for spawning
and rearing some species have been developed,
aquaculture at present involves capturing young fish
in purse seines. The purse seine approach some-
times involves hauling the fish for hundreds of kilo-
metres to rearing facilities, putting the fish in sea
cages and rearing them to market size. The most
lucrative market is Japan, where sushi-grade tuna
bring extremely high prices depending upon the
quality of the individual fish. A high-quality tuna
can fetch over US$100/kg. Capture at sea and rear-
ing them in captivity was pioneered in Australia
and the technique is now also practised in Mexico,
Japan, Spain and Italy.

Culture Objectives

Under the definition of aquaculture used in this
book, any one of a number of objectives may be the
focus of the culturist. Production of fish for stock-
ing, which began in the USA, Canada, Europe and
elsewhere after hatchery programmes were put into
place, was mentioned in the brief history of aqua-
culture above. Commercial production is not only
associated with the production of species that are
sold as human food - though that is a large fraction
of the global industry — but also targets organisms
produced for other purposes. The majority of

aquatic animals currently being cultured for human
food are members of one of only four phyla:
Echinodermata, Mollusca, Arthropoda or Chordata.
Other than finfish, the chordates cultured for
human consumption include amphibians (frogs)
and reptiles (turtles and alligators). Sea urchins are
produced for their edible gonads, while frogs and
alligators are reared for meat, and in the case of
alligators, also for their hides. Sea turtles, in par-
ticular green sea turtles (Chelonia mydas), have
been cultured for human food and some of their
body parts have been used for jewellery. The shells
were collector’s items and preserved young animals
were also sold. Because of the threatened or endan-
gered status of some sea turtle species, including
green sea turtles, the possession of sea turtles or
products derived from them is currently against the
law in some countries, including the USA. A com-
mercial green turtle farm that was established in
the Cayman Islands a few decades ago to produce
those turtles for human food, as well as for market-
ing of carapaces and other body parts, now cul-
tures them for release to augment the natural
population. The turtle farm is a tourist attraction,
which provides the resources required to continue
the enhancement stocking programme. Softshell
turtles (various genera) have been cultured for
many years and in many places around the world.

Sea ranching is a rather unique type of aquacul-
ture. In most but not all cases, sea ranching
involves salmon. Sea ranching in the state of
Alaska, USA, is a good example. Salmon broodfish
(Oncorbynchus spp.) are collected when they enter
streams to spawn and are taken to hatcheries where
the eggs and milt are obtained. The fish are reared
to the smoult stage, at which time they are ready to
enter seawater, and released into the stream from
which their parents were captured. After they reach
maturity at sea (the time required varies by species,
but is usually 2 years or more), they will attempt to
return to the water outside the hatchery where they
were born. The majority of the returning adults are
intercepted by the commercial fishery; however,
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escapement quotas are established to allow suffi-
cient numbers of returning adults to reach the
hatchery where they are used as broodstock to
produce the next generation. Commercial fisher-
men pay for the opportunity to catch the returning
fish. It is the fee from commercial fishermen that
pays the operating costs of the hatcheries.

A variation of the salmon ranching concept has
been used to some extent in Japan with schooling
fishes. The fish are reared during the early phase of
culture in marine cages by a feeding station and are
fed in conjunction with an accompanying sound
that the fish learn to associate with feeding time.
Once trained, the fish are released and will return
to the feeding station when they hear the sound.
Once they reach market size they can be captured
by netting them when they are near the feeding
station.

Stock enhancement of marine fishes is similar to
sea ranching as it involves spawning and hatchery
rearing of young fish for release. Basically, enhance-
ment stocking had its beginnings with the US Fish
and Fisheries Commission’s activities that were
initiated in the 1870s. What has changed is that few
species, other than salmon, are being stocked in
public marine waters of North America to augment
commercial fisheries today, though Japan has been
actively producing marine fish and shrimp for
enhancement stocking — with varying results — for
about five decades. The goal is to rebuild stocks
that have declined, in many cases due to overfish-
ing, in order to create sustainable fisheries. The
difference between stock enhancement and sea
ranching is that the adults do not return to a hatch-
ery but must be captured at sea or reared through
the life cycle in captivity to be used as replacement
broodstock.

Certainly, stocking animals at the proper life
stage and size in a hospitable environment that can
accommodate them in terms of food resources and
in which they will not outcompete other desirable
species are considerations that play a role in the
success of any enhancement programme. Until
recent years, little attention was paid to those fac-
tors as the efforts were all expended on releasing
animals into the environment, and not on deter-
mining if there was a benefit that accrued from the
activity. The focus has shifted and a considerable
amount of has been placed on research to develop
an understanding of how to use enhancement most
effectively and wisely. There is also a focus on the
hatchery phase of production. The quality of fish

produced in hatcheries and then stocked into the
wild is of critical importance if the fish are to sur-
vive and recruit into a fishery. If they only serve as
food for wild predators, enhancement will not be
successful.

It is probable that the billions, or more likely tril-
lions of fish eggs and larvae released into the
marine environment by the US Fish and Fisheries
Commission in the latter quarter of the 19th and
the first quarter or more of the 20th century served
largely as food for predators, died because they
were stocked into waters of quality they could not
tolerate (inappropriate temperature, salinity, etc.)
or into hostile environments (too much current, too
close to shore where they were exposed to waves,
for example). The success rate was somewhat bet-
ter with respect to some freshwater species. While
Japan has the longest history of enhancement
stocking in the modern era, other nations are also
conducting programmes and researching how best
to employ the practice to achieve maximum
success.

In Hawaii, USA, Pacific threadfin, known locally
as moi (Polydactylus sexfilis), show promise for
enhancement, while in Texas tens of millions of
young red drum (Sciaenops ocellatus), also known
as redfish or channel bass in some places, are
released into the Gulf of Mexico each year. That
activity, which is meant to enhance the recreational
fishery, has been under way for over 30 years and
the effort has been extended to spotted sea trout
(Cynosion nebulosus) and southern flounder
(Paralichthys lethostigma). China has been involved
with an enhancement programme for Chinese stur-
geon (Acipenser sinensis) for several years. Many
other species are currently being produced for
enhancement, and many also are grown for the
human food market.

Historically, marine ornamental species were only
captured from the wild, usually in tropical nations,
and shipped to North America, Europe and various
other regions for sale. Overfishing, damage to the
environment associated with collection methods
(cyanide and dynamite have commonly been used
to collect marine ornamental fishes with lethal
effects on non-target species and frequent latent
mortality of the target fishes as well) and improper
handling of captured animals have added to the
problems associated with the industry. Those prob-
lems can be largely overcome if the species are
cultured rather than captured, since regulations
have been ineffective for the most part.
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Some aquarium fish species, such as zebrafish
(Danio rerio), are used in biomedical research, as
are cuttlefish (Order Sepiida). The latter (Fig. 1.2)
have been cultured for their giant axons used in the
study of nerve transmission. Various other fresh-
water and marine species are cultured for biomedi-
cal research. The Japanese killifish, commonly known
as medaka (Oryzias latipes), is another fish that is
widely cultured for use in biomedical research.

Aquatic plants, like their animal counterparts,
have a variety of uses. Many types of seaweed are
consumed as human food (Table 1.2). For example,
the red algae nori (Porphyra spp.) is consumed
throughout the world. Markets in Japan feature a
wide variety of dried seaweeds that are used in
many dishes as well as for sushi wrappers. Kelp is
dried and used for human consumption (Fig. 1.3)
and is also used as a food source in abalone culture.
Seaweed extracts, including agar, algin and carra-
geenan, have a broad variety of uses. They can be
found in pharmaceutical products, toothpaste, ice
cream and even automobile tyres, among many
other products. One species of red algae in the
genus Chondrocanthus (Fig. 1.4) is used as the
basis for a very expensive facial cream that is sup-
posed to make the user look younger.

Japan is one of a large number of countries that
are involved in seaweed culture and harvesting.
China, Taiwan, India, Bangladesh, the Philippines,
Malaysia, Indonesia, Thailand, Korea, Cambodia,
Sri Lanka, the Pacific Islands, Chile, Norway, Brazil
and Canada are a few additional examples of
nations involved in the activity.

Seaweeds are also sources of chemicals such as
iodine and the red pigment, B-carotene, and carot-
enoids. Carotenoids have been used in fish feeds to

Fig. 1.3. Kelp being laid out on gravel to dry in Japan. The arrow is pointed at the kelp.
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Fig. 1.4. Red seaweed used in facial cream.

produce the pink flesh coloration that buyers like
to see in salmon. Some trout culturists also use
B-carotene to make the flesh appear more like that
of salmon. The worldwide commercial harvest of
seaweeds has been estimated at nearly 8 million
tonnes, over 85% of which is said to be
cultivated.

Other types of algae are sources of nutritional
supplements and a number of species find wide use
as food for other cultured species (Table 1.3).
Those are primarily microscopic and often single-
celled phytoplanktonic algae. There are also com-
panies growing phytoplankton with the idea of
producing biodiesel fuel. A few phytoplanktonic
algal species are used to remove nutrients from
culture water (as are some seaweeds), in human
foods, as industrial extracts, or to enhance colour
in aquatic species (e.g. Spirulina spp.) The topic of
growing phytoplankton for feeding aquacultured
animals is discussed in Chapter 6 (this volume) and
mentioned elsewhere (consult the Index).

Table 1.3. Some algae species that are used as food
for cultured larvae, humans, industrial extracts, and/or
removing nutrients from water associated with aquaculture
systems.

Alaria esculenta

Amphora sp.

Amphiprora paludosa

Bangia fuscopurpurea

Chaetoceros calcitrans, Chaetoceros gracilis,
Chaetoceros muelleri, Chaetoceros neogracile

Chlorella minutissima, Chlorella vulgaris

Chondracanthus chamissoi

Chondrus crispus

Cystoseira sp.

Dunaliella tertiolecta

Ecklonia cava

Enteromorpha prolifera

Eucheuma spp.

Gracilaria cervicornis, Gracilaria chilensis, Gracilaria
conferta, Gracilaria dura, Gracilaria edulis, Gracilaria
gracilis, Gracilaria lemaneiformis, Gracilaria tikvahiae,
Gracilaria vermiculophylla, Gracilaria verrucosa, Gracilaria
chilensis, Gracilaria dura, Gracilaria lemaneiformis

Hizikia fusiformis

Isochrysis galbana

Kappaphycus alvarezii

Koliella antarctica

Laminaria digitata, Laminaria japonica, Laminaria saccharina

Macrocystis pyrifera

Nannochloropsis oculata

Navicula incerta

Navicula seminulum

Microcystis aeruginosa

Nitzschia thermalis

Palmaria palmata

Pavlova lutheri, Paviova pinguis

Phaeodactylum tricornutum

Platymonas helgolandica

Porphyra yezoensis

Proschkinia sp.

Rhaphoneis surirella

Saccharina latissima

Sargassum pallidum

Scenedesmus quadricauda

Skeletonema costatum, Skeletonema marinoi

Spirulina spp.

Tisochrysis lutea

Tetraselmis chuii, Tetraselmis suecica, Tetraselmis tetrathele

Ulvella lens

Ulva lactuca, Ulva ohnoi

Undaria pinnatifida

Various zooplankton species are produced by
aquaculturists to feed larval species that will not accept
prepared feeds at that stage of their development.

General Overview of Aquaculture

23 |



Examples are larval shrimp and a number of fish
species, including halibut (Hippoglossus spp.), the
females of which may ultimately reach weights of a
few hundred kilograms. A number of zooplankton
species that have been used as live food for larval
culture animals are presented in Table 1.4.
Another objective of aquaculture is bait produc-
tion for use by recreational fishermen. In nations
where sport fishing is popular, the availability of
live bait can be very important, depending upon the
species being targeted — many sportfish will take
artificial lures, though for others both artificial and
live bait work well. Some live baits are from ter-
restrial sources (e.g. crickets, earthworms). In terms
of aquatic organisms, live bait includes minnows
(various genera), goldfish (Carassias auratus), killi-
fish (e.g. Fundulus spp.), polychaete worms (e.g.
Nereis spp.), marine shrimp (e.g. Penaeus aztecus)
and a number of other organisms. Of those, min-
nows of various species are the basis of a large
industry. Technology for the production of bait
shrimp has been developed in the USA with native
Gulf of Mexico species. Cultured bait shrimp can
be used to maintain the supply of bait during

Table 1.4. Some zooplanktonic species being produced
or with potential for use in feeding larval aquaculture
species.

Acatrtia tonsa, Acartia sinjiensis Copepods

Artemia fransiscana, Artemia salina, Brine
Artemia urmiana shrimp

Apocyclops dengizicus, Apocyclops royi Copepod

Bestiolina similis Copepod
Brachionus angularis, Brachionus Rotifers
plicatilis, Brachionus rotundiformis
Calanus finmarchicus Copepod
Centropages typicus Copepod
Ceriodaphnia quadrangular Cladoceran
Daphnia spp. Cladoceran
Mesopodopsis orientalis Mysid

Moina macrocopa, Moina micrura Cladocerans
Paracyclopina nana Copepod
Parvocalanus crassirostris Copepod

Proales similis Rotifer

Pseudodiaptomus annandalei, Copepods
Pseudodiaptomus euryhalinus,
Pseudodiaptomus pelagicus,
Pseudodiaptomus richardi
Schmackeria poplesia Copepod
Temora stylifera Copepod
Tigriopus japonicus Copepod
Tisbe biminiensis Copepod

periods when wild shrimp are not available in suf-
ficient numbers to meet the demand.

Many aquatic organisms are being evaluated as
sources of chemicals that can be used in phar-
maceutical products or as nutritional supplements.
A few compounds from one or both of those cate-
gories have already been put into production and it
is likely that many more will join them in the
future. The term ‘fishpharming’ has been coined in
conjunction with the development of genetically
modified fish to produce pharmaceuticals useful in
human medicine and as disease models, particu-
larly in conjunction with cancer. Zebrafish are one
example of a fish that has been used as a bioreactor
or incubator to produce beneficial chemicals.

A Wide Variety of Species

We have seen in Table 1.2 a list of what should
represent the majority of the species of interest to
aquaculturists for production primarily as human
food, though some of the species listed have other
uses too, as indicated above. Some of the species
are relatively new on the aquaculture scene and are
currently available only in small numbers, others
support mature industries, and several are in the
development stage and do not support an industry
as yet. Aquaculturists seem to always be looking
for new species to culture, and some of those are
ultimately adopted by commercial producers. Thus,
it is likely that the list of aquaculture species will
continue to grow to some extent, though probably
not as rapidly as in the past few decades. For some
reason, aquaculture researchers, unlike their coun-
terparts who deal with terrestrial animal produc-
tion, cannot seem to stick to only a handful of
species. They continuously look for new species to
culture, often with the intent of ultimately seeing
those species serve as the basis for new aquaculture
commodities. Beef cattle, swine and poultry
researchers must just scratch their heads at the
concept of having the option of hundreds of species
from which to select.

An introductory text such as this cannot hope to
provide all the details associated with the culture of
any single species, but a number of books are avail-
able that deal with individual species or species
groups. Several of those are listed in the ‘Additional
Reading’ section at the end of this chapter.

Seaweeds are cultured in the marine waters adja-
cent to most continents, with the largest amount of
activity occurring in Asia. Japan, Korea and the
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Philippines are among the Asian nations that have
large seaweed culture industries. In the western hemi-
sphere, Canada produces a considerable amount of
seaweed. Freshwater plants such as water chestnuts
are also grown in many nations. There are also
aquaculturists who specialize in growing water lil-
ies, of which there are many varieties that are often
featured in backyard ponds, although these are not
used for human consumption. Some varieties that
have been developed command high prices.

Oysters, mussels, clams, abalones and scallops
are grown in marine waters around the world. Both
warmwater and coldwater species of oysters and mus-
sels are grown. Natural perfectly round jewellery-
quality pearls from oysters are rare in nature, but
are being produced in large numbers through aqua-
culture of several species in the genus Pinctada in
many nations around the world, though cultured
oysters are probably best associated with Mikimoto
pearls from Japan. More information on pearl oys-
ters and other species reared for reasons other than or
in addition to human food production can be found
in Chapter 9. At least two species of freshwater mus-
sels (Hyriopsis cumingii and H. schlegeli) produce
irregular pearls that are of value as jewellery due to
their range of colours.

Abalone culture occurs in several nations. China
was responsible for 85,000 tonnes of production in
2011, with Korea well behind in second place that
year with over 6000 tonnes according to the FAO.
One species, the Blackfoot paua (Haliotis iris) from
New Zealand is highly regarded for the multicol-
oured nacre (mother of pearl). Shells are sold as
colourful curios or, cut into pieces, used in jewel-
lery. Paua also produce pearls (more discussion and
photographs can be found in Chapter 9).

Geoduck (pronounced ‘gooey duck’) culture has
been initiated on the west coast of North America
and in New Zealand. Interest was initiated by
interest in providing juvenile geoduck for enhance-
ment stocking. Various approaches and intensities
of culture are employed in conjunction with mol-
lusc rearing, and are discussed in Chapters 3 and 6.

Marine shrimp culture involving penaeids of
various genera and species (see Table 1.2) in Asia is
dominated by Thailand and China, and there is
also a significant amount of production in the
Philippines, Malaysia, Indonesia, India and other
nations in the region. In the western hemisphere,
Ecuador has been the leading shrimp-producing
nation, though disease has been a major problem
there and elsewhere. A number of other Latin

American countries also produce shrimp. In the
USA, the leading cultured shrimp-producing state is
Texas. There is also some shrimp culture in coastal
Florida, Hawaii, South Carolina and the territory
of Puerto Rico. The US industry is small overall and
on the mainland suffers from the fact that only one
or two crops a year can be produced due to the
climate, whereas in tropical areas (Hawaii, and
Puerto Rico, which is a territory of the USA) it is
possible to obtain three crops a year.

Freshwater shrimp (Macrobrachium spp., pri-
marily M. rosenbergii) culture has grown from a
few thousand tonnes in the early 1980s to a few
hundred thousand tonnes by the end of the first
decade of the present century. The industry exists in
many tropical regions and also has attracted some
interest in temperate regions where a single crop a
year can be produced. A cottage industry for fresh-
water shrimp has been reported from some parts of
the USA, where small-scale producers grow suffi-
cient numbers of animals to satisfy local communi-
ties at summer festivals. Because of the novelty of
such events, the producers can make a good profit
from their relatively small levels of production;
however, if big producers enter such markets, the
price will undoubtedly fall and the approach may
become uneconomical. Globally, there is still sig-
nificant production of freshwater shrimp in various
tropical nations, and there is considerable interest
in developing commercial culture of additional
freshwater shrimp species (see Table 1.2).

Carp (members of the minnow family, Cyprinidae)
are produced throughout the world; however,
China continues to be far and away the world’s lead-
ing carp-producing nation. Various other nations in
Asia and Europe, along with the Middle East and
the Americas, are also involved in carp production.
Common carp (Cyprinus carpio) introductions into
the USA in the 19th century and Israel during the
20th century were in response to the desires of
European immigrants to have that fish species
available to them because it was traditionally con-
sumed. The US Fish and Fisheries Commission,
under the direction of Commissioner Baird, spread
common carp throughout much of the USA, but the
species is not commercially cultured. A small cap-
ture fishery continues to exist but, in general, the
common carp is thought of as a trash fish. In Israel,
common carp has been largely replaced by tilapia
(Oreochromis spp.) and gilthead sea bream (Sparus
aurata) as public tastes have changed. Grass carp
(Ctenopharyngodon idella) are produced in the
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USA primarily for weed control in ponds. In many
states only triploid grass carp are permitted. Since
triploids (which have three sets of chromosomes)
are sterile (see Chapter 6), they will not reproduce
if they escape from an aquaculture facility. There is
also a small amount of silver (Hypopthalmichthys
molitrix) and bighead (Aristichthys nobilis) carp
production in a few locations in the USA. Koi (col-
ourful common carp, C. carpio) were produced
through selective breeding centuries ago in Japan.
Some koi can bring high prices and are popular
ornamentals often seen in backyard ponds in the
US where there are several producers. Many colour
variations are available.

When I visited China in 1988, carp was a staple
in every restaurant. During a second visit to China
in 1999, I was told by government biologists that
there was no governmental programme under way
to expand carp culture in that nation. The reason
given was that while carp are suitable for rural
inhabitants, city dwellers are more interested in fish
of higher quality, undoubtedly in part because the
standard of living of people in the cities had
changed considerably. One sign of that was that
automobiles were scarce in 1988, while bicycles
were virtually everywhere on the streets. In 1999
automobiles were plentiful and bicycles had largely
been replaced by motor scooters. The statement
that carp were not popular in the cities was rein-
forced when I had the opportunity to dine at sev-
eral restaurants in Guangzhou and Beijing, which
featured a wide variety of excellent seafoods, but
carp were not available; at least, they were not to
be found in the display aquaria that showed exam-
ples of the available fishes. That doesn’t mean carp
are not available in the large cities, but they were
not the high-profile items they had been during my
first trip.

Atlantic salmon (Salmo salar) are grown to mar-
ket size in captivity, primarily in Norway and
Chile. There is also production in Scotland, Ireland,
Canada and the USA. Production grew by some
50,000 tonnes a year during the 1990s and reached
in excess of 1 million tonnes annually by the early
part of the present century. A limited amount of
cultured chinook (Oncorbynchus tshawytscha) and
coho (Oncorbynchus kisutch) salmon are grown in
aquaculture facilities for direct sale into the market
in British Columbia, Canada. Various species of
Pacific salmon are produced in hatcheries in
Canada, the USA, Japan and Russia for stocking to
augment wild populations. Ocean ranching of

salmon is practised in the state of Alaska as previ-
ously described, but salmon growout is prohibited.
There is also some chinook salmon production in
New Zealand for the recreational fishery, and
Japan has a large sea ranching programme under
way with chum salmon (Oncorbynchus keta).
China has initiated plans to re-establish depleted
runs of salmon in some of that nation’s northern
rivers. Whether an entity producing salmon is pri-
vate or governmental, and whether the approach
involves spawning and rearing the offspring to
market size or to smoult size for release to augment
commercial fisheries, the approaches are all forms
of aquaculture.

The rainbow trout (Onchorbynchus mykiss) is
the most important trout species being cultured
worldwide. That species, native to the cold waters
of the far western region of North America and as
far south as northern California, is popular with
aquaculturists across much of that nation, as well
as in Chile and northern Europe. Rainbow trout
are also produced for sport fishing in New Zealand.
The species was also introduced many years ago to
some of the former British colonies where the water
is sufficiently cold. During a month that I spent in
Nepal looking at their fisheries and aquaculture
programmes, I saw a few facilities that were cultur-
ing rainbow trout. Searun rainbow trout, known as
steelhead, get much larger than rainbow trout that
spend their entire lives in freshwater. Steelhead are
popular sportfish and are not raised for the seafood
market. Arctic charr (Salvelinus alpinus) is another
salmonid that is being cultured to food-fish size
commercially in a few places, and that species is
gaining in popularity.

US fish culture production has been dominated
by channel catfish (Ictalurus punctatus). The com-
mercial industry began to take off in the 1960s,
with 