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

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 semicontrolled 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 waterreuse 
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 semiintensive 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 
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Box 1.1.

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

Skills:    Plumbing
Carpentry
Welding
Electrical wiring
Computer (word processing, spreadsheets, control systems)
Painting
Concrete pouring and finishing
Operating equipment such as tractors, backhoes, bulldozers
Truck driving (pickup trucks and larger)

Courses: Business management (bookkeeping, accounting, marketing)
Basic economics
Chemistry (particularly water chemistry and organic chemistry)
Biology (ichthyology, invertebrate zoology, physiology)
Physics
Geology (particularly marine)
Limnology and/or oceanography
Nutrition (animal)
Aquatic animal disease
Basic engineering principles
Hydrology
Aquaculture and/or mariculture

(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. 
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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
thespot 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 nonfood and nonornamental 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 
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fish and invertebrates, though in some cases through
out their life cycles.

People who are interested in socalled backyard 
aquaculture, with the aim of producing a crop for 
their own use, can be accommodated by developing 
a smallscale 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, smallscale 
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.

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)
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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 coculture). 
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.

Box 1.3.

When I 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 I spent in 1968 at the Fish Farming Experimental Laboratory in Stuttgart, Arkansas 
(catfish) and the 5 years I spent at the Skidaway Institute of Oceanography in Georgia where I 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 I 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 I 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. I 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 I 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 I had 
my suspicions.

I 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-
ades.

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.
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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 singlecell, 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 InterAmerican 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 
(FAO, 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

http://www.fao.org/fishery/statistics/en
http://www.fao.org/fishery/statistics/en
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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 basrelief 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 
(Oncorhynchus mykiss) were distributed through
out much of Europe and even as far away as New 
Zealand. New Zealand also obtained chinook 
salmon (Oncorhynchus 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 



General Overview of Aquaculture 9

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 (Oncorhynchus 
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 
computercontrolled 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).

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.

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.
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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 (Oncorhynchus 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. I 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 carpproducing 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 
difficulttorear 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) Haliotis iris
Paua (Virgin) Haliotis virginea
Paua (Queen) Haliotis australis
Red Haliotis rufescens
South African Haliotis midae
Taiwan Haliotis diversicolor

Arkshell Anadaria sp., Scapharca subcrenata
Clam, Asian hard Meretrix meretrix
Black Chione fluctifraga
Blood cockle (mud clam) Tegillarca (Anadara) granosa
Carpet shell Ruditapes decussatus
Hard clam Meretrix lusoria
Geoduck Panopea abrupta, Panopea generosa

Panopea globose, Panopea zelandica
Manila Ruditapes philippinarum
Northern quahog Mercenaria mercenaria
Pullet carpet shell Venerupis pullastra

Continued
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Taxonomic group Common name Scientific name

Razor Ensis arcuatus, Ensis siliqua, Solen marginatus
Short neck (False) Paphia malabarica
Southern quahog Mercenaria campechiensis
Sunray venus Macrocallista nimbosa
Timid venus Gafarium tumidum
White Spisula solida
Xishishe Coelomactra antiquata

Cockle, Basket Clinocardium nuttallii
Blood Anadaria granosa
Common Cerastoderma edule

Conch, Queen Strombus gigas
Gastropods

Apple snail Pomacea patula
Loco Concholepas concholepas
Snail Semisulcospira gottschei
Spotted Babylon Babylonia areolata
Turban snail Lithopoma undosa

Mussel, Blue Mytilus edulis
Bay Mytilus trossulus
Brownb Perna perna
Chilean blue Mytilus chilensis
Cholga Aulacomya ater
Green Perna viridis
Green-lipped Perna canaliculus
Horse-bearded Modiolus barbatus
Korean Mytilus coruscus
Mediterranean Mytilus galloprovincialis
Rainbow mussel Villosa iris

Octopus Octopus maya, Octopus mimus,
Octopus vulgaris
Robsonella fontaniana
Enteroctopus megalocyathus

Oyster, American Crassostrea virginica
European flat Ostrea edulis
Indian back-water Crassostrea madrasensis
Cortez Crassostrea corteziensis
Mangrove Crassostrea gasar
Pacific Crassostrea gigas
Slipper cupped Crassostrea iredalei
Suminoe or Asian Crassostrea ariakensis
Sydney rock Saccostrea glomerata

Penshell Atrina maura
Scallop, Bay Argopecten irradians

Catarina Argopecten circularis, Argopecten ventricosus
Giant Placopecten magellanicus
Huaguizhikong Chlamys nobilis
Japanese or Yesso Patinopecten yessoensis
King Pecten maximus
Northern Argopecten purpuratus
Lion’s paw Nodipecten subnodosus
Nucleus Agropecten nucleus
Purple Argopecten purpuratus
Queen Chlamys opercularis

Table 1.2. Continued.

Continued



General Overview of Aquaculture 13

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 Cherax tenuimanus
Narrow clawed Astacus leptodactylus
Noble Astacus atacus
Red claw Cherax quadricarinatus
Reculilla Procambarus acanthophorus
Red swamp Procambarus clarkii
Signal Pacifastacus leniusculus
White river Procambarus acutus
Yabbie Cherax destructor

Lobster, American Homarus americanus
Bay Thenus spp.
East coast rock Panulirus homarus rubellus
Eastern spiny Sagmariasus verreauxi
European Homarus grammarus
Florida Panulirus argus
Green rock Sagmariasus verreauxi
Japanese spiny Panulirus japonicus
Ornate rock Panulirus ornatus
Southern rock Janus edwardsii
Spiny Panulirus argus
Spiny red rock Janus edwardsii
Western rock Panulirus cygnus

Shrimp, Amazon river prawn Macrobrachium amazonicum
Banana Penaeus merguiensis
Black tiger Penaeus monodon
Blue Litopenaeus stylirostris
Brazilian pink Farfantepenaeus paulensis
Cauque Macbrachium americanum
Chinese Fenneropenaeus chinensis
Freshwater Macrobrachium nipponense
Indian river Macrobrachium malcolmsonii
Indian white Fenneropenaeus indicus
Japanese freshwater Macrobrachium nipponense
Kuruma Marsupenaeus japonicus
Longarm river prawn Macrobrachium tenellum
Malaysian giant freshwater Macrobrachium rosenbergii
Monkey River Macrobrachium lar
Pacific white Litopenaeus vannamei
Pink Penaeus paulensis
Ridgetail white Exopalaemon carinicauda
Southern brown Farfantepenaeus subtilis
Southern white Litopenaeus schmitti

Table 1.2. Continued.

Continued
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Taxonomic group Common name Scientific name

Western king Penaeus latisulcatus
Finfish African bonytongue Heterotis niloticus

Amberjack Seriola rivoliana
Greater Seriola dumerili

Anchovy, European Engraulis encrasicolus
Arapaima (Pirarucu, Paiche) Arapaima gigas
Asp Aspius aspius
Atlantic spadefish Chaetodipterus faber
Ayu Plecoglossus altivelus
Barb, Olive Puntius sarana

Silver Puntius (Barbonymus) gonionotus
Barramundi Lates calcarifer
Bass, Palmettoa Morone chrysops × Morone saxatilis

Striped Morone saxatilis
Sunshinea M. saxatilis × M. chrysopsa

Beakfish, Pacific (San Pedro) Oplegnathus insignis
Bream, Oriental Abramis brama orientalis

Wuchang Megalobrama amblycephala
Brill Scophthalmus rhombus
Burbot Lota lota
Butterfly Peacock bass Cichla ocellaris
Catfish, African (Vandu) Heterobranchus longifilis

Australian Tandanus tandanus
Barred (Surobim) Pseudoplatystoma punctifer
Basa (Mekong) Pangasius bocourti
Blue Ictalurus furcatus
Butter Ompok bimaculatus
Cachara (Striped surubim) Pseudoplatystoma reticulatum
Channel Ictalurus punctatus
Chinese longsnout Leiocassis longirostris
Darkbarbel Pelteobagrus vachelli
Far eastern (Korean) Silurus asotus
Giant river Sperata seenghala
Green (River) Mystus nemurus
Hybrid surubim Pseudoplatystoma punctifer × Pseudoplatystoma 

fasciatum
Indian Clarias batrachus
Jundiá or Silver Rhamdia quelen
Pangus Pangasius hypophthalmus
Pintado Pseudoplatystoma corruscans
Sampa or Vundu Heterobranchus longifilis
Sharptooth Clarias gariepinus
Stinging catfish (Singhi) Heteropneustes fossilis
Tra (Striped, Sutchi) Pangasius (Pangasianodon) hypophthalmus
Trey pra Pangasius djambal
Wels Silurus glanis
Yellow Pelteobagrus fulvidraco

Charr, Arctic Salvelinus alpinus
Chinese perch (Mandarin fish) Siniperca chuatsi
Cobia Rachycentron canadum
Cod, Atlantic Gadus morhua

Murray Maccullochella peelii
Croaker, Atlantic Micropogonias undulatus

Table 1.2. Continued.

Continued
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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 Leiocassis longirostris
Common carp Cyprinus carpio
Grass carp Ctenopharyngodon idella
Kuria labeo Labeo gonius
Mahseer Tor douronensis, Tor tambroides
Mrigal Cirrhinus mrigala
Mud carp Cirrhina molitorella
Orangefin labeo Labeo calbasu
Rock carp Procypris rabaudi
Rohu Labeo rohita
Sahar Tor putitora
Silver carp Hypophthalmichthys molitrix
Snowtrout Schizothorax richardsonii

Dentax Dentax dentax
Pink Dentax gibbosus

Dourado Salminus brasiliensis
Drum, Cuneate Nibea miitchthiodes

Red Sciaenops ocellatus
Shi Umbrina cirrosa
Yellow Nibea albiflora

Eel, American Anguilla rostrata
European Anguilla anguilla
Japanese Anguilla japonica
Marbled Anguilla marmorata
New Zealand shortfin Anguilla australis
New Zealand longfin Anguilla dieffenbachia
Rice field (Asian swamp) Monopterus albus
Shortfin Anguilla bicolor

Flounder, Barfin Verasper moseri
Brazilian Paralichthys orbignyanus
Cortez Paralichthys aestuarius
Olive Paralichthys olivaceus
Southern Paralichthys lethostigma
Stone Kareius bicoloratus
Summer Paralichthys dentatus
Winter Pseudopleuronectes americanus
Yellowtail Pleuronectes ferrugineus

Goby, Marble Oxyeleotris marmorata
Golden trevally Gnathanodon speciosus
Grayling, European grayling Thymallus thymallus
Grouper, Brown-marbled (Tiger) Epinephelus fuscogutattus

Dusky Epinephelus marginatus
Giant Epinephelus lanceolatus

Table 1.2. Continued.
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Taxonomic group Common name Scientific name

Humpback Cromileptes altivelis
Kelp grouper Epinephelus bruneus
Leopard Mycteroperca rosacea
Leopard coral Plectropomus leopardus
Longtooth Epinephelus bruneus
Orange spotted Epinephelus coioides
Malabar Epinephelus malabaricus
Sevenband grouper Epinephelus septemfasciatus

Grunt, Yellow-spotted Plectorhinchus cinctus
Haddock Melanogrammus aeglefinus
Hake, European Merluccius merluccius
Halibut, Atlantic Hippoglossus hippoglossus

California Paralichthys californicus
Pacific Hippoglossus stenolepis
Spotted Verasper variegatus

Hapuku Polyprion oxygeneios
Knifejaw, Barred (Striped), Rock bream Oplegnathus fasciatus
Kutum Rutilus frisii kutum
Loach, Dojo (Weatherfish) Misgurnus anguillicaudatus
Mackerel, Chub Scomber japonicas

Horse Trachurus mediterraneus
Jack Trachurus japonicas

Mahi-mahi (Dolphin) Corhyphaena hippurus
Mandarin fish Siniperca chuatsi
Meagre Argyrosomus regius
Milkfish Chanos chanos
Mojarra, Mexican Cichlasoma urophthalmus
Mola Amblypharyngodon mola
Mrigal Cirrhinus mrigala
Mudskipper Pseudopocyptes elongates
Mullet, Striped Mugil cephalus

Thicklipped grey Chelon labrosus
Thinlip Mugil ramada

Mulloway (Dusty kob) Argyrosomus japonicus
Pacamã Lophiosilurus alexandri
Pacific threadfin (Moi) Polydactylus sexfilis
Pacu Piaractus mesopotamicus

Black Colossoma macropomum
Red Piaractus brachypomus

Paddlefish Polyodon spathula
Pearlspot cichlid Etroplus suratensis
Pejerrey Odontesthes bonariensis
Perch, Eurasian Perca fluviatilis

Jade Scortum barcoo
Sea Lateolabrax japonicus
Silver Bidyanus bidyanus
Yellow Perca flavescens

Pigfish Orthopristis chrysoptera
Plaice Pleuronectes platessa
Pollack Pollachius pollachius
Pomfret, Silver Pampus argenteus
Pompano Trachinotus americanus

Golden Trachinotus blochii

Table 1.2. Continued.

Continued
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Taxonomic group Common name Scientific name

Ovate Trachinotus ovatus
Porgy, red Pagrus pagrus
Puffer, Bullseye Sphoeroides annulatus

Striped Takifugu obscurus
Tawny Takifugu flavidus
Tiger puffer Takifugu rubripes

Punti Puntius sophore
Rabbitfish, Pearly spinefoot Siganus canaliculatus

Spinefoot Siganus rivulatus
Sablefish Anoplopoma fimbria
Salmonids, Amago Oncorhynchus masou

Atlantic salmon Salmo salar
Brown trout Salmo trutta
Chinook salmon Oncorhynchus tshawytscha
Chum salmon Oncorhynchus keta
Coho salmon Oncorhynchus kisutch
European huchen Hucho hucho
Masu salmon Oncorhynchus masou
Rainbow trout Oncorhynchus mykiss

Scup Stenotomus chrysops
Seabass

Barramundi Lates calcarifer
Black Centropristis striata and Sparus macrocephalus
Brown rockfish Sebastes auriculatus
Dark-banded rockfish Sebastes inermis
European Dicentrarchus labrax
Grass rockfish Sebastes rastrelliger
Japanese Lateolabrax japonicus
Korean rockfish Sebastes schlegeli

Seabream, Black Acanthopagrus schlegeli
Blackspot Pagellus bogaraveo
Blunt snout Megalobrama amblycephala
Gilthead Sparus aurata
Red Pagrus major
Redbanded Pagrus auriga
Sharpsnout Diplodus puntazzod or Puntazzo puntazz
Sobaity (Bluefin) Sparidentex hasta
Two-banded Diplodus vulgaris
White Diplodus sargus
Yellowfin Acanthopagrus latus
Vimba Vimba vimba

Smelt, Japanese Hypomesus nipponensis
Snakehead, Chevron (Striped murrel) Channa striata

Northern Ophiocephalus argus
Snapper, Australian Pagrus auratus

Emperor Lujanus sebae
Mangrove red Lutjanus argentimaculatus
Pacific red Lutjanus peru
Pandora Pagellus erythrinus
Red Lutjanus campechanus
Spotted rose Lutjanus guttatus

Snook, Bay Petenia splendida
Common Centropomus undecimalis

Table 1.2. Continued.
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Taxonomic group Common name Scientific name

Fat Centropomus parallelus
Sole, Aguhlas Austroglossus pectoralis

Common Solea solea
Half-smooth tongue sole Cynoglossus semilaevis
Senegal Solea senegalensis
Tongue Cynoglossus semiaevis
Wedge Dicologoglossa cuneata

Streaked prochid Prochilodus lineatus
Sucker, Chinese Myxocyprinus asiaticus

June Chasmistes liorus
Sweetlips, Indian Ocean oriental Plectorhinus vittatus
Tambaqui Colossoma macropomum
Tautog Tautoga onitis
Tench Tinca tinca
Tilapia, Blue Oreochromis aureus

Milawian Oreochromis shiranus
Mozambique Oreochromis mossambicus
Nile Oreochromis niloticus
Redbreast Tilapia rendalli

Totoaba Totoaba macdonaldi
Striped trumpeter Latris lineata
Tuna, Northern Bluefin Thunnus thynnus

Pacific Bluefin Thunnus orientalis
Southern bluefin Thunnus maccoyii
Yellowfin Thunnus albacares

Turbot Scophthalmus maximus
Sturgeon, Beluga Huso huso

Chinese Acipenser sinensis
Russian Acipenser gueldenstaedtii

Shortnose Acipenser brevirostrum
Siberian Acipenser baeri
Sterlet Acipenser ruthenus
Stellate Acipenser stellatus
White Acipenser transmontanus

Waigieu seaperch Psammoperca waigiensis
Whitebait Galaxias maculatus
Whitefish, European Coregonus lavaretus
Wolffish, Spotted Anarhichas minor
Wreckfish Polyprion americanus
Yellowtail Seriola quinqueradiata
Yellowtail kingfish Seriola lalandi
Yellowtail tetra Astyanax altiparanae
Zander Sander lucioperca

Amphibians Bullfrog Rana catesbeiana
Chinese frog Hoplobatrachus rugulosa

Reptiles American alligator Alligator mississippiensis
Big-headed turtle Platysternon megacephalum
Chinese soft-shelled turtle Pelodiscus (Trionx) sinensis
Three-keeled pond turtle Chinemys reevesii

aOnly named hybrids are listed in the table. A number of hybrid invertebrate and vertebrate species are being cultured; for example, the 
hybrid channel catfish × blue catfish that has become popular in the USA in the past few years.
bThe 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.

Table 1.2. Continued.
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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 Southeast 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 

Box 1.4.

Primary livestock species groups being cultured in the world.

Poultry (chickens, ducks, turkeys, geese)
Swine
Cattle (beef cattle, dairy cows, buffalo, water buffalo)
Camels
Horses
Goats
Sheep
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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 sushigrade tuna 
bring extremely high prices depending upon the 
quality of the individual fish. A highquality 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 
(Oncorhynchus 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, 

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.
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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 nontarget 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.



22 Chapter 1

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, βcarotene, and carot
enoids. Carotenoids have been used in fish feeds to Fig. 1.2. Cuttlefish cultured for biomedical research.

Fig. 1.3. Kelp being laid out on gravel to dry in Japan. The arrow is pointed at the kelp.
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produce the pink flesh coloration that buyers like 
to see in salmon. Some trout culturists also use 
βcarotene 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).

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

Fig. 1.4. Red seaweed used in facial cream.

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, Pavlova pinguis
Phaeodactylum tricornutum
Platymonas helgolandica
Porphyra yezoensis
Proschkinia sp.
Rhaphoneis surirella
Saccharina latissima
Sargassum pallidum
Scenedesmus quadricauda
Skeletonema costatum, Skeletonema marinoï
Spirulina spp.
Tisochrysis lutea
Tetraselmis chuii, Tetraselmis suecica, Tetraselmis tetrathele
Ulvella lens
Ulva lactuca, Ulva ohnoi
Undaria pinnatifida
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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 

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 

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

Acartia tonsa, Acartia sinjiensis Copepods
Artemia fransiscana, Artemia salina, 

Artemia urmiana
Brine 

shrimp
Apocyclops dengizicus, Apocyclops royi Copepod
Bestiolina similis Copepod
Brachionus angularis, Brachionus 

plicatilis, Brachionus rotundiformis
Rotifers

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, 

Pseudodiaptomus euryhalinus, 
Pseudodiaptomus pelagicus, 
Pseudodiaptomus richardi

Copepods

Schmackeria poplesia Copepod
Temora stylifera Copepod
Tigriopus japonicus Copepod
Tisbe biminiensis Copepod
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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 shrimpproducing 
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 shrimpproducing 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 smallscale 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 carpproducing 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 highprofile 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 (Oncorhynchus tshawytscha) and 
coho (Oncorhynchus 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 (Oncorhynchus keta). 
China has initiated plans to reestablish 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 (Onchorhynchus 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 foodfish 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 the early fish farms being located primarily in 
the states of Alabama and Arkansas. Production in 
Alabama, while still significant, was limited by the 
fact that most culturists depend upon rainfall to fill 
their ponds, so water supply was a major issue. In 
Arkansas, the proliferation of catfish farms in rice
growing areas caused the water table to fall signifi
cantly, thus limiting expansion of the industry. 
Mississippi, with what was seemingly an unlimited 
amount of groundwater, quickly surpassed both 
Alabama and Arkansas in terms of catfish produc
tion. Of course, the water supply in Mississippi is 
not unlimited, and the withdrawal of groundwater 
appears to have reached the limit of what can be 
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sustained. A change in pond management practices 
which involves only replacing water lost to evapo
ration and seepage (a pond may not be drained for 
as long as 10–15 years) has reduced the pressure on 
the water supply substantially, not only in Mississippi, 
but also in other states where catfish are cultured 
in ponds. Large amounts of channel catfish are still 
produced in Louisiana and Arkansas with lesser 
amounts in Georgia, Texas, Alabama, California 
and other states. This includes places as far away 
from ‘catfish country’ as Idaho, where catfish, as 
well as the much less coldtolerant tilapia, can be 
produced yearround in outdoor systems supplied 
with geothermal water. Many states throughout the 
country have government hatcheries that produce 
channel catfish for stocking inland waters for rec
reational fishing.

In recent years producers in the USA have largely 
shifted from channel catfish to hybrids of channel 
(I. punctatus) and blue (I. furcatus) catfish, which 
have been found to perform better in terms of growth, 
survival, feed conversion, tolerance to low dis
solved oxygen, disease resistance, processing yield 
and other factors, compared to channel catfish. Of 
interest is the fact that geneticist John Giudice, who 
worked at the US Fish Farming Experiment Station 
in Stuttgart, Arkansas, USA (Box 1.6), produced 
the various possible crosses of channel catfish with 
both blue and white catfish (I. catus) during the 
1960s, but none of those hybrids were produced 
commercially for some 30 years. Hybrids accounted 
for about 20% of US catfish production by 2011 
and have continued to increase since that year.

Basa (Pangasius bocorti) and, to a lesser extent,  
tra or striped catfish (Pangasius hypopthalmus), 
which are in a different family from ictalurid cat
fish such as I. punctatus, have been imported to the 
USA for several years where they compete in the 
marketplace with domestically reared catfish. 
Much of the imported fish come from Vietnam, 
though they are native to Cambodia and Thailand 
as well and have been introduced into other South
east Asian nations for purposes of culture. That 

competition was responsible, in part, for an esti
mated 50% drop in US catfish production. Other 
reasons for the decline have been attributed to high 
energy and feed costs. While the switch to hybrids 
has provided some relief to catfish farmers, some in 
Arkansas have reportedly reverted to rice farming 
because catfish farming is not as lucrative as it has 
been in the past. Importers of basa and tra can no 
longer use the term ‘catfish’ on their packages and 
are required to list country of origin. Both those 
regulations and others under development by the 
US Department of Agriculture may result in less 
competition from imports. Farm gate prices for 
domestic catfish have been kept low, often below 
production costs, because of the continued imports 
of basa and tra.

Walking catfish (Clarias spp.) are reared in Asia, 
Africa and Europe. Walking catfish get their com
mon name based on their ability to move across 
land from one water body to another by ‘elbowing’ 
their way on their pectoral spines. In order to pre
vent them from escaping, ponds are often con
structed with vertical walls and may also feature 
low fences to keep the fish contained (Fig. 1.5). 
Once reared on Florida fish farms in the USA for 
the home aquarium trade, possession of walking 
catfish was outlawed several years ago after escap
ees began to appear throughout the state. Rumours 
abounded of walking fish attacking and eating 
small dogs and even human babies. In reality walk
ing catfish can reach lengths of 1–1.5 m and have 
been known to consume waterbirds whole as they 
have large mouths. They could potentially consume 
a relatively small dog swimming in the water, but I 
haven’t found any substantiated case of walking 
catfish eating a human baby. There is plenty of 
information that walking catfish eat the eggs and 
young (babies) of other fishes.

Tilapia (Oreochromis spp.) are among the pri
mary fish species being cultured in freshwater in 
various tropical nations around the world. Tilapia 
require warm water (growth is severely retarded at 
temperatures below about 20°C and mortality 

Box 1.6.

The Stuttgart Fish Farming Experimental Laboratory was authorized in 1958 as a warmwater fish research cen-
tre under the US Fish and Wildlife Service. The facility was opened in 1961 and was transferred to the US 
Department of Agriculture in 1996. It was renamed the Harry Dupree Stuttgart National Research Center in 1999 
when the long-time director of the facility retired.



28 Chapter 1

begins when the temperature drops only a few 
degrees lower), so the culture of these popular fishes 
is limited to a single annual crop in temperate 
regions except under special circumstances, such as 

when geothermal water is available (Fig. 1.6) or 
when water is heated sufficiently above ambient 
temperature to ensure good fish growth. The heated 
water produced by power plants and various industries 

Fig. 1.5. Vertical walls and associated fencing in these ponds in the Philippines help keep walking catfish from 
escaping.

Fig. 1.6. A year-round tilapia culture operation in geothermal water near Boise, Idaho, USA, where winter 
temperatures typically reach −34.5°C.
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has sometimes been used in conjunction with tilapia 
culture in temperate regions. One issue with that 
approach is that the heated water effluent may not 
always be available. For example, a power plant 
may shut down for maintenance, which often hap
pens during the winter when the heated water is 
essential for keeping the fish alive. A catastrophic 
loss may occur as a result (Fig. 1.7). Unless a suffi
ciently warm water source is available year round, 
broodstock will have to be overwintered in an 
indoor facility that is temperature controlled.

Some tilapia species, and particularly certain 
crosses that produce red hybrid tilapia, are tolerant 
of high levels of salinity and can be grown in sea
water. Marine culture of tilapia has been researched 
in the Bahamas, Jamaica, West Indies, Philippines 
and elsewhere, but there do not appear to be high 
levels of commercial production of tilapia in saline 
waters.

Atlantic halibut (Hippoglossus hippoglossus), 
plaice (Pleuronectes platessa) and sole (Solea solea) 
are among the flatfish species being cultured in 
Norway, while flounders (Paralichthys spp.) are 
produced in large numbers in Japan and are begin
ning to be commercially cultured in the USA. 
Atlantic halibut culture is under way in Canada 
and the state of Maine.

Milkfish (Chanos chanos) are being cultured in 
the Philippines, Taiwan, Thailand and Indonesia. In 
the past the approach has been to capture wild 
juveniles and rear them in ponds. Today most of 
the fingerlings stocked in ponds for growout come 
from hatcheries.

Some sturgeon (Acipenser spp.) culture is occur
ring or under development in North America, 
China, Russia, Iran and Central Europe. The main 
thrust of the interest in sturgeon is for production 
of caviar.

Cobia (Rachycentron canadum) culture has 
become established in Taiwan and at least one cobia 
culture facility has been established in Puerto Rico. 
Research on cobia has been conducted in at least 
the states of Florida and Texas. There has also been 
some interest in the culture of dolphin (Corhyphaena 
hippurus). Dolphin are known as mahimahi in 
Hawaii and that name is widely used on restaurant 
menus throughout the USA, more than likely to 
assure consumers that they are not eating a marine 
mammal with the same common name. There are a 
number of species of amberjacks in the world, and 
one in particular, Seriola rivoliana, known as the 
Hawaiian amberjack and marketed by one open 
ocean farm in Hawaii as Kampachi, is popular with 
tourists and locals in Hawaii.

Fig. 1.7. A portion of an estimated 6 million tilapia that died of cold stress when the heated effluent from a power plant 
that supported their survival became unavailable during winter maintenance.
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Most sport fishes have been excluded from the 
discussion above and the list in Table 1.2, though 
there are exceptions such as salmon, trout, halibut, 
amberjack, striped bass (Morone saxatilis) and 
walleye (Stizostedion vitreum), which are of both 
recreational and commercial aquaculture interest. 
Sportfish culture for stocking programmes in the 
USA, Europe, Japan, Australia, New Zealand and 
elsewhere are well developed and significant.

The species discussed in this section are but a 
small sample of those listed in Table 1.2. The pur
pose has been to highlight some of the most widely 
cultured species and also to highlight some that are 
under development. To provide details on every 

species or species group would require another 
volume. More details on the culture of some of the 
organisms described in this section, along with oth
ers, can be found in other chapters of this book.

The Big Players in Aquaculture

The contribution of aquaculture to the total 
amount of fishery production has been steadily 
increasing with respect to both total production of 
the various species groups and in the major aqua
cultureproducing nations (see Tables 1.5 and 1.6, 
which show the FAO statistics from 2008 through 
2012). Freshwater fishes represented by far the 

Table 1.5. Total quantity of world aquaculture production (tonnes) by species group from 2008 to 2012 (www.fao.org/
fishery/statistics/en).

Year 2008 2009 2010 2011 2012

Freshwater fishes 29,031,472 30,655,007 32,889,219 34,564,020 37,417,614
Diadromous fishesa 3,324,751 3,532,452 3,610,080 4,043,452 4,552,508
Marine fishes 1,951,127 1,949,641 1,840,246 2,046,130 2,181,033
Crustaceans 5,015,996 5,335,111 5,727,059 6,122,033 6,466,818
Molluscs 13,007,210 13,512,251 14,155,371 14,454,371 15,170,737
Aquatic plants 15,878,931 17,356,607 19,009,667 20,978,933 23,776,449

aDiadromous species are those that spend a portion of their lives in freshwater and a portion in seawater.

Table 1.6. Total aquaculture production (tonnes) from 2008 to 2012 in the nations representing the top 15 producers in 
2012, along with total world production with and without the contribution from China (www.fao.org/fishery/statistics/en).

Year 2008 2009 2010 2011 2012

China 32,730,371 34,779,870 36,734,215 38,621,269 41,108,306
India 3,851,057 3,791,920 3,785,779 3,673,082 4,209,415
Viet Nam 2,462,450 2,556,080 2,671,800 2,845,600 3,085,500
Indonesia 1,690,221 1,733,434 2,304,828 2,718,421 3,067,660
Bangladesh 1,005,542 1,064,285 1,308,515 1,523,759 1,726,066
Norway 848,359 961,840 1,019,802 1,143,893 1,321,119
Thailand 1,330,861 1,416,668 1,286,122 1,201,455 1,233,877
Chile 843,142 792,891 701,062 954,845 1,071,421
Egypt 693,815 705,490 919,585 966,820 1,017,738
Myanmar 674,776 778,006 850,697 816,820 885,169
Philippines 741,142 737,397 744,695 767,287 790,894
Brazil 365,357 415,786 479,599 629,609 707,461
Japan 730,361 786,910 718,284 556,761 633,047
Korean Republic 473,794 473,060 475,561 507,052 484,404
USA 501,126 481,224 496,699 397,292 420,024
Total exc. Chinaa 20,217,829 20,937,619 22,303,200 23,390,256 26,524,947
World totalb 52,948,200 55,717,489 59,037,416 62,011,524 66,633,253

a,bWorld totals involve data from Ecuador, Iran, Malaysia, Spain, Nigeria, Spain, France, UK, Russian Federation, Mexico, Pakistan 
(which each produced over 142,000, but less than 425,000 tonnes in 2012) and lesser producing nations which collectively produced 
1,718,261 tonnes in 2012.

http://www.fao.org/fishery/statistics/en
http://www.fao.org/fishery/statistics/en
http://www.fao.org/fishery/statistics/en
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largest amount of production among the groups 
listed, while aquatic plant production increased 
significantly during the 5 years shown in Table 1.5. 
China continued to produce much higher amounts 
of freshwater fishes than any other nation. Salmon 
continues to represent the bulk of diadromous 
fish production – those species that spawn in either 
the ocean (eels) or freshwater (salmon, striped 
bass) and spend most of their lives in the other 
environment.

Oysters and clams are produced in numerous coun
tries and dominate mollusc production, though 
interest in abalone appears to be increasing. The 
echinoderms of interest are various species of sea 
cucumbers and sea urchins. The increase in aquatic 
plant production during the period is notable.

Ten of the top 15 aquacultureproducing nations 
in 2012 were in Asia (Table 1.6). China continued 
to lead the world in aquaculture production by a 
very wide margin. While carp continued to domi
nate, China increased its production of other spe
cies of freshwater fishes and is also producing a 
variety of marine species that were not among the 
species listed in the second edition of this book. 
China has also become one of the leading nations 
with respect to the production of marine shrimp 
and is also a leader in scallop culture (various gen
era and species as indicated in Table 1.2). The 
primary species being employed during the devel
opment of shrimp culture in China was the cold
water Chinese shrimp (Fenneropenaeus chinensis), 
but disease problems plagued the industry and 
production shifted to a large extent to warmwater 
species, leading the Chinese industry to move to 
the warmer waters of the southern coastal region. 
Japan’s aquaculture is highly diversified, while 
aquaculture in Norway and Chile is mainly 
Atlantic salmon (S. salar), augmented by Atlantic 
halibut (H. hippoglossus) and cod (G. morhua) in 
Norway, and various mollusc species along with 
salmon in Chile.

The devastating typhoon that hit Myanmar in 2008 
targeted the coastal area where much of the aqua
culture production is located, and I predicted in the 
second edition of this book that that event would 
be likely to result in reduced production. However, 
as shown in Table 1.6, production (which had been 
growing steadily in the years prior to 2008) did not 
decline, but in fact continued to grow. On the other 
hand, the large earthquake and tsunami that hit 
Japan in 2011 certainly must be reflected in the 
drop in aquaculture production that year and in 

2012. Data from more recent years have not been 
published as of this writing. The 2012 and earlier 
data were obtained from FAO information pub
lished in 2014 (www.fao.org/fishery/statistics/en).

As global aquaculture production increases, so 
does the human population and, importantly, the 
standard of living in some of the leading aquaculture
producing nations is increasing rapidly. Examples are 
China and India, where – increasingly – aquaculture 
products that were once raised primarily or exclu
sively for export are going into the domestic mar
kets. What this may mean in the long term is 
decreased availability of aquacultured products in 
some of the major importing regions, such as 
North America and Europe.

A Question of Sustainability

During the last decade of the 20th century, a con
siderable amount of attention began to focus on 
the sustainability of both agriculture and aquacul
ture. The question that is frequently asked when the 
topic comes up is ‘What does sustainable mean?’ 
Among the many definitions that have been proposed 
for the terms sustainable and sustainable develop
ment are the following:

	● Sustainable:
 meeting the needs of the present without com

promising the ability of future generations to 
meet their own needs;

 exploiting natural resources without destroy
ing ecological balance;

 investing in a system of living, projected to be 
viable on an ongoing basis, which provides 
quality of life for all individuals of sentient 
species and preserves natural ecosystems.

 ● Sustainable development:
 economic development maintained with accept

able levels of global resource depletion and 
environmental pollution;

 development of systems that will last indefi
nitely.

While those definitions seem reasonable, they are 
somewhat openended. With respect to the term 
sustainable: What are the needs of the present? Are 
those minimal needs for survival or something else? 
Who decides? How does one determine when and 
if the ecological balance is being destroyed, or – 
perhaps as importantly – when it is being dis
rupted? At what point does some level of disruption 
become irreversible and lead to environmental 

http://www.fao.org/fishery/statistics/en
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destruction? If we define sentient as being able to 
perceive or feel things, what life forms meet the 
definition? How do we know if an organism can 
perceive or feel things, such as pain? That issue has 
led to a serious debate with respect to finfish. Do 
we extend that to plant life?

In terms of sustainable development: What is an 
acceptable level of global resource depletion? What 
is an acceptable level of environmental pollution? 
What time frame do we place on the word indefi
nitely? Does that mean sometime down the road, 
that we have no idea, or never?

Questions such as those are central to the debate 
that continues to swirl around sustainability. The 
bottom line is that virtually every human activity 
has some measurable impact on the environment. 
Some of those impacts are readily apparent, such as 
smog over many of the world’s major cities, and 
untreated or partially treated sewage effluent caus
ing eutrophication of lakes and streams as well as 
dead zones in the oceans. This has become a prob
lem off the Mississippi River in the Gulf of Mexico 
and is attributed to nutrient runoff from farmland. 
Other impacts are difficult to quantify, but that 
does not mean they are inconsequential. Also, there 
are many individually perhaps small environmental 
insults that are synergistic and by acting in concert 
may have significant impacts on the environment. 
Not only do human activities have environmental 
impacts, all humans utilize natural resources to one 
extent or another.

It must be recognized and acknowledged up front 
that aquaculture, in all its forms, exploits natural 
resources. The degree of that exploitation increases 
in direct proportion to the intensity of the culture 
operation. Pond culture systems that depend on 
rainfall runoff or tidal flooding for their water and 
rely on natural productivity as the food source for 
the target species probably have little impact on 
natural resources, assuming that the construction 
of the ponds does not result in the destruction of 
critical habitat that should have been preserved. For 
example, development of pond systems in coastal 
areas may disrupt wetlands, mangroves or other 
types of environments that have significant ecologi
cal value, and such development is prohibited in 
many nations.

Intensive systems such as raceways, highdensity 
ponds, recirculating systems and net pen operations 
(see Chapter 3 for descriptions of those systems) 
require energy supplied from, for the most part, 

fossil fuels. Such systems also utilize living resources 
or their products, including fishmeal and other 
sources of animal protein along with a variety of 
terrestrial plants, in the manufacture of feed. 
Fertilizers, pesticides and herbicides may also be 
used, all of which require exploitation of natural 
resources.

What about onbottom oyster culture? All it 
involves in some cases is using natural substrate or 
bringing in and spreading oyster shell or some 
other material (cultch) that oyster spat will settle 
on and allowing the oysters to grow to market size. 
Tending the beds to remove predators has an 
impact on the environment, harvesting alters the 
environment (which may have been altered in the 
first place by creating a new type of substrate) and 
fossil fuel is used directly in harvest in many cases 
and certainly for transporting the oysters to the 
processing place or directly to the market. Even if 
the oyster bed supports only a small artisanal cul
ture operation, it still involves human–environment 
interaction, even though the impact may be small. 
Even in a case like this where environmental impact 
is minimal, the removal of the oysters at harvest is 
utilization of a natural resource.

At the extremes of the debate over the sustain
ability of aquaculture are individuals and groups 
that have the goal of eliminating aquaculture in 
most or all its forms, and those who refuse to 
acknowledge that aquaculture has any negative 
environmental impact. Between those extremes are 
a growing number of people – including research
ers and a considerable percentage of the aquacul
ture producer community, particularly in developed 
nations – who have been attempting to look at the 
various issues, determine where science supports or 
refutes the positions of opponents and proponents 
alike, and develop methods for making aquaculture 
more sustainable in instances where there are 
problems.

Again, there is no doubt that aquaculture prac
tices result in the utilization of at least some natural 
resources. The question is whether the degree to 
which that utilization occurs represents a signifi
cant environmental insult and is, thus, an irrespon
sible and unsustainable activity. The facts are that 
some aquaculture practices have been destructive, 
while others have had little or no negative impacts 
and can be judged as meeting the criteria for being 
sustainable, at least to most reasonable persons. 
A better term, and one that has been used to some 



General Overview of Aquaculture 33

extent, is responsible aquaculture. I prefer the term 
responsible to sustainable.

Aquaculture, particularly in areas where it com
petes with other users, such as in lakes, reservoirs, 
and the coastal and offshore marine environment, 
needs to be compatible with those other users if it 
is to prosper. Other users often see aquaculture as 
being exploitive of natural resources and, when 
practised in the commons, it is seen as interfering 
with other activities that were there first. The pre
existing users are often seen to have priority over 
aquaculture. The other users are often oblivious to 
the fact that their activities utilize natural resources 
directly and/or can only occur because natural 
resources have been utilized to make their activity 
possible. How about sail boating? That only 
involves the use of wind, which is not a negative 
environmental impact. That may appear to be true 
if the sailboat is not equipped with an auxiliary 
engine. But natural resources were utilized to con
struct the boat. Some of those may have been 
renewable (wood), but others are not (fibreglass). 
What about the energy that was involved in sawing 
the lumber or moulding the fibreglass? The same 
rationale can be applied to all user groups. 
Sunbathing by those who do not wear sunscreen, 
swimwear, hats or sunglasses, or who do not take 
radios or mobile phones to the beach, could come 
pretty close to not directly using natural resources, 
so it might be necessary to give those folks a pass, 
particularly if they walked to the beach. Of course 
lack of swimwear implies a nude beach, which may 
create other problems.

More details on several of the controversies sur
rounding aquaculture and how they are being dealt 
with are presented in the next section of this chapter, 
‘Opposition and Response’. For additional infor
mation on sustainable aquaculture and responsible 
aquaculture consult some of the books listed in the 
‘Additional Reading’ section at the end of this 
chapter.

Aquaculturists are often quick to point out that 
a healthy environment is crucial not only for main
tenance of the natural ecosystem but also for the 
benefit of their culture organisms. Thus, it is not 
only in the interest of the aquaculturist to focus on 
sustainability and maintenance of a healthy envi
ronment, it is imperative if the culturist wishes to 
reduce the chances of a catastrophic loss. An 
unwritten law associated with aquaculture is that if 
the animals are going to die, for whatever reason, it 

will probably occur just before they were scheduled 
for harvesting. At that point most of the time, effort 
and money associated with the growing season 
have been expended.

Most developed nations recognized that as aqua
culture production was increasing, regulations 
would need to be promulgated to limit environ
mental consequences and allow the industry to 
expand through the use of responsible practices. 
Lack of regulations or lack of enforcement when 
regulations were in place has led to significant envi
ronmental damage as a result of certain types of 
aquaculture practices in various developing and 
some developed countries. Increasingly, when such 
problems occur, nations are not only responding by 
promulgating sound regulations but are also back
ing them up with enforcement. Certainly, that is not 
true everywhere yet, but pressure on bad players 
can be imposed by countries that import aquacul
ture products from the countries with a lack of 
regulations. That pressure can come from embar
goes or the imposition of high tariffs, for example.

While the potential negative impacts of aquacul
ture have been widely discussed, the role of aqua
culture in the amelioration of environmental problems 
is only now emerging as a topic of interest. Properly 
sited and stocked with the right species or combi
nation of species, an aquaculture facility can actu
ally reduce the levels of nutrients in the water. This 
can be accomplished by stocking filterfeeding ani
mals that consume plankton, which can form 
blooms in the presence of high nutrient levels, and/
or by producing seaweed as a means of reducing 
nutrient levels. Of course, seaweed used in conjunc
tion with aquaculture operations will only work in 
marine culture situations, while filterfeeders of the 
appropriate species can be found for use in fresh
water as well as the marine environment. The 
approach has real potential in coastal areas receiv
ing nutrients associated with river inflows contain
ing runoff from agricultural lands, for example. It 
can also be used, as previously mentioned, to reduce 
the nutrient impacts of fish farming through what 
is known as IMTA.

In addition to having the potential to be inte
grated into a nutrient management programme for a 
coastal region, marine cages and net pens (described in 
Chapter 3) serve as fish aggregating devices. Fish 
and other types of organisms may reach densities 
outside the culture chambers that are as great as, or 
greater than, those within. Thus, aquaculture facilities 
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can actually provide habitat in some instances. 
Whether they serve merely as fishattracting devices, 
sources of waste feed and nutrients or actually help 
expand populations beyond what would otherwise 
occur naturally in the region is still a matter of 
debate. Recreational fishing in the immediate vicin
ity of aquaculture pens or cages may be quite good; 
however, it can also pose problems for the aquacul
turist because of potential damage to facilities and/
or poaching by anglers.

Sustainability certification is something that is 
on the minds of many groups. The Marine 
Stewardship Council (MSC) has certified several 
commercial fisheries, aquaculture facilities and 
other associated facilities. The Aquaculture 
Certification Council of the Global Aquaculture 
Alliance (GAA) has certified shrimp culture oper
ations for several years and has expanded into 
certification of other types of aquaculture facili
ties. The World Wildlife Fund has a certification 
programme, as do other organizations. WalMart 
and other seafood retailers and wholesalers have 
also indicated that they are planning or have 
implemented certification of the sources of the 
aquaculture products they sell.

Various nongovernmental organizations (NGOs) 
have produced lists, often in the form of wallet 
cards, showing which seafoods are recommended 
as being healthful and coming from sustainable 
sources, which should be consumed with caution 
and which should be avoided. Typically they use a 
stoplight system with red, yellow and green indicat
ing poor, acceptable and best choices, respectively. 
The major problem with such a system is that it 
does not provide the consumer with sufficient 
information. For example, many cards place all 
cultured shrimp on the red list because some 
shrimp farms are not operating sustainably. Thus, a 
few bad players can damn an entire commodity. 
Whether the cards are having much impact on the 
seafoodconsuming public is questionable, how
ever, as demand for red list species, such as cultured 
shrimp, does not seem to have been reduced since 
the cards were developed. Such cards have been 
distributed by several organizations.

It should be apparent from the discussion thus 
far that the concept of sustainability is an elusive 
one to pin down so, as I indicated, I prefer to use 
the term responsible aquaculture, as I believe that 
it better captures the goal of being a good steward 
of the environment. But responsible aquaculture, 
or  sustainability, if you prefer, is not only respect 

and care for the environment. It also embodies 
production of safe and healthful products for 
human consumption in the case of commercial 
seafood production. Aquaculture products reach
ing the markets and restaurants should be as free of 
harmful chemicals as possible and should also be 
free of pathogens that might affect human health. 
Some people, of course, have allergies to various 
types of seafood and those products should not be 
banned when the majority of the people can eat 
them safely. Also, people with compromised immune 
systems need to avoid consuming such things as 
raw oysters, which may have bacteria associated 
with them that can be deadly to those people, while 
they might not bother someone who has a normal 
immune system. Products that could cause health 
problems for certain classes of people should carry 
a warning to alert consumers who may be at risk. 
On the other hand, many seafoods contain compo
nents that are beneficial to human health, such as 
high molecular weight fatty acids that appear to 
help ward off a number of health problems. There 
are also some data showing that consuming shell
fish, such as oysters, may reduce the risk of breast 
cancer. There is also a belief that consuming raw 
oysters can increase libido. Some fish, such as cer
tain species of tuna, can have levels of mercury high 
enough that pregnant and nursing mothers should 
avoid eating them as the fetus or baby could be 
harmed. Current recommendations are to have 
children avoid eating certain tuna species until the 
age of six or more. Since cultured tuna, to date, are 
produced from juveniles captured in the wild and 
grown out in net pens on sardines, the problem of 
mercury in those fish is probably not ameliorated. 
There are, incidentally, some wild tuna populations 
in portions of the world ocean that do not contain 
high body burdens of mercury, though they are in 
the minority.

Social scientists who have looked at aquaculture 
are quick to point out that there is a third topic in 
addition to concerns about the environment and 
the health and safety issues that needs to be 
addressed. That is social justice. The public rarely 
think about that issue, but it is significant, and it is 
difficult to deal with. In a perfect world, no work
ers in the aquaculture industry worldwide would 
be underage (there would be no child labour used), 
they would be paid a decent wage and have appro
priate benefits, they would be treated with respect by 
their fellow workers and managers and they would 
recognize their responsibilities as environmental 
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stewards to maintain sanitary conditions in con
junction with all of their activities. The reality is 
that in many countries some or all of those desir
able attributes and responsibilities are being violated 
each and every day. Aquaculturecertifying bodies 
often ignore social issues, but those issues should 
become an important component in the certifica
tion process.

In recent years, social scientists have also begun 
to examine the role of women in aquaculture. 
Studies have been conducted on the role of women 
in smallscale aquaculture in such countries as 
Vietnam and Thailand. As rural farmers try to 
diversify their activities, they often find aquaculture 
to be an appropriate addition or alternative to ter
restrial crop production. It appears that women are 
active participants in aquaculture in such situa
tions, though they may not always be visible to the 
casual observer in terms of their level of involve
ment. Women’s role in aquaculture has also been 
studied in the European Union (EU). Again, women 
seem to be most heavily involved in smallscale 
enterprises. In family operations, women may pro
vide labour without pay. Their role in aquaculture 
may be associated directly with production or 
involve sales, processing, restaurant work or mar
keting. In conjunction with processing, women 
have often come up with new product forms and 
valueadded products.

Finally, no aquaculture venture can be successful 
if there is no economic sustainability. A commercial 
aquaculturist needs to be able to continuously pro
duce one or more products at a profit.

There should be welldefined property rights 
allocated to the culturist. Laws may need to be 
changed in order to provide those rights. For exam
ple, in some parts of the USA there were laws on 
the books under which the state owned all the fish, 
and there were also laws that prevented individuals 
from selling property of the state. Thus, the 
aquaculturist did not own the fish and could not 
legally sell them. Those laws have been changed, 
but they were a problem for a period of time when 
aquaculture was being developed in regions where 
it had not previously been practised.

Opposition and Response

There appears to have been little opposition to 
aquaculture until some time in the 1980s when the 
rapid expansion of marine shrimp (Fig. 1.8) and 
salmon culture in coastal waters was occurring. 
Shrimp ponds in developing countries were often 
dug in mangrove areas in the tropics and were 
responsible for destroying thousands of hectares of 
valuable habitat. The acidic soils in which the 
ponds were constructed made it possible for them 
to be productive for only a few years, after which 

Fig. 1.8. Shrimp ponds often employ aerators to help maintain sufficient levels of dissolved oxygen in the water.
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they were typically abandoned and the operations 
moved to new areas, often once again mangrove 
swamps. This led to a great deal of opposition from 
environmental groups and others who recognized 
the importance of mangroves in protecting coastal 
areas during storms, as well as providing habitat 
for a wide variety of marine life. However, it has 
been shown that other human activities in man
groves are also implicated in the loss of those valu
able parts of the ecosystem, such as expansion of 
human communities and agriculture.

Salmon farms were first established in fjords in 
Norway and Scotland, but soon were also devel
oped in Canada, the USA, Chile and Japan in 
coastal bays. In some of those countries objec
tions were raised to the presence of commercial 
aquaculture operations in the commons. Little 
opposition was initially raised in places like 
Norway and the west coast of Canada because 
the facilities were located in sparsely populated 
areas. That has certainly changed in British 
Columbia, Canada, where strong opposition has 
developed, though the government continues to 
be supportive of salmon farming. Net pen salmon 
culture and cage culture of yellowtail (S. quin-
queradiata) and red sea bream (Pagrus major) are 
perfectly acceptable in Japan where the majority 

of the animal protein in the people’s diets comes 
from seafood. In fact, the cages and net pens, 
along with other types of culture systems for mol
luscs, are actually seen as amenities by many 
people (Fig. 1.9), though there have been some 
problems in the past (Box 1.7).

In the state of Washington, USA, cries of visual 
pollution from upland property owners were heard 
with respect to salmon net pens. Those cries of 
protest were soon followed by outcries from a vari
ety of individuals and groups with vested interests 
in the bays, sounds and estuaries where aquacul
ture was a newcomer. How dare these fish cultur-
ists take valuable space from where I fish, sail, 
kayak, waterski…!

A meeting of the World Aquaculture Society in 
1988 was, if memory serves, the first time that the 
society devoted a special session to issues that were 
being raised by opponents. The meeting was held in 
Honolulu, Hawaii, USA, and attracted attendees 
from around the world. Many dismissed the criti
cisms of aquaculture as having no merit, and there 
were many who felt that if ignored the issue would 
go away. The reality is that in the nearly 30 years 
that have passed since that meeting, a great deal of 
the research conducted by aquaculture scientists 
has been in association with determining which of 

Fig. 1.9. Polyculture of fish and molluscs is well accepted in Japan. Shown here are aquaculture facilities in a bay 
adjacent to a large resort hotel.
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Box 1.7.

In Japan, aquaculture in the bays is largely operated by cooperatives that initially exercised little control over the 
numbers of cages or fish stocked. Overcrowding led to the deterioration of water quality in some bays to the point 
that sensitive species, including cultured fishes, were sometimes heavily stressed or killed. Japan promulgated 
regulations through the fish cooperatives that reduced the density of aquaculture facilities in areas where problems 
had occurred, and this led to a healthier environment. Sensitive species are often grown near fish cages or net 
pens so that if there is a water quality problem the sensitive animals will signal that a problem is developing. This 
provides the culturist with the opportunity to ameliorate the problem before possibly losing the entire fish crop.

the issues raised by opponents of aquaculture have 
validity and which do not. For those issues that 
have been found to have validity in at least some 
instances, remedies for overcoming them have been 
developed or are still under development. Best 
management practices (BMP) for various types of 
aquaculture activities have been promulgated by 
such groups as the FAO, World Wildlife Fund, GAA 
and probably others.

Environmental issues stemming from maricul
ture operations were addressed by the National 
Resources Council of the National Academy of 
Sciences in a book published in 1992 (see ‘Additional 
Reading’ at the end of this chapter). Included in 
that assessment were discussions of effluent 
impacts, the impacts from the introduction of 
exotic species and the use of feed additives. In the 
state of Washington, those impacts had also been 
discussed, as was a virtual laundry list of other 
objections to salmon net pen culture, with visual 
pollution heading the list. Ultimately, the courts 
indicated that the initial complaint by upland prop
erty owners had no merit as those individuals did 
not have a right to an unaltered view, so the issue 
of visual pollution was put to rest in a legal sense. 
That did nothing to curtail the criticisms, which 
quickly spread to salmonfarming practices in 
British Columbia, Canada, and later to the state of 
Maine and the Maritime Provinces of Canada.

Shrimp culture was being attacked for the prac
tice of constructing ponds in coastal wetlands, and 
in particular in mangrove areas, as previously indi
cated. Nutrient and sediment loading of waters 
that received the effluent from shrimp ponds were 
also in for criticism. In places where shrimp farm
ers were using nonnative species, critics also 
expressed their concern that escapees from culture 
ponds would compete with local native species.

Critics found a friend in the precautionary prin-
ciple, which basically says that the aquaculturist 

has to prove that his or her practices are not harm
ing the environment. The critic, on the other hand, 
has no responsibility in proving that those practices 
are harmful, but has only to express the opinion 
that they might cause environmental damage. If the 
culturist cannot prove that the farm will have no 
negative impact, permits should, at least in the 
mind of the critics, not be issued. As expressed by 
an environmental lawyer in a meeting I attended 
several years ago, ‘…if there is any change in the 
environment that can be measured, we’ll shut the 
operation down.’ Once again, virtually every activ
ity conducted by humans has a measurable effect 
on the environment at some level. Does a change in 
the background level of a nutrient by a single micro
gram per litre, for example (which can be detected 
given the analytical techniques currently available), 
translate into a significant change? Applying such a 
strict interpretation of the precautionary principle 
would mean that the change is measurable, there
fore, the aquaculture facility should lose its permit 
to operate.

The following is a list of criticisms that have 
been lodged against aquaculturists, some mention 
of the merits of each and an indication of how the 
aquaculture community has responded or is devel
oping ways to ameliorate the problem. The major 
issues are listed first, followed by those that have 
thus far been of fairly minor importance.

Issue 1: Faeces and waste feed falling to the sedi
ments create sterile zones and negatively impact 
local fauna.

Industry sector: This criticism has been lodged 
against the cage and net pen industry in the marine 
environment with respect to salmon and other fin
fish species.

Reality: The problem can be very real and signifi
cant, leading to virtually sterile zones immediately 
under net pens or cages and extending to some 
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distance laterally before no impact can be detected. 
The situation will not occur if there is an adequate 
flow of water through the cages or pens to widely 
disperse the solids. The problem is exacerbated 
when cages or net pens are located in bays that 
have slow currents.

Solution: Proper siting of the facility accompa
nied by frequent monitoring to detect any changes 
before they become significant are means of solv
ing the problem. An appropriate site is one that 
has suitably strong currents to widely disperse any 
material that exits the culture chambers. Careful 
monitoring of feeding activity to eliminate the 
availability of excess feed to the extent possible 
also helps ameliorate the problem. Periodic sam
pling of the bottom sediments under facilities or 
visual inspection by divers is recommended. 
Certain chemical tests can be run on sediment 
samples to determine the extent of pollution (e.g. 
redox potential and acidvolatile sulfides) and ben
thic community structure changes can be predictive 
of developing problems. Should waste accumulation 
occur to the degree that changes in the sediment 
chemistry and/or benthos (bottomdwelling ani
mal) community are occurring, the cages or net 
pens should be moved and the site should be fal
lowed until the situation returns to normal. 
Periodic movement of cages or net pens is another 
approach that can be used, requiring permitted 
areas to be significantly larger than the portion of 
the area actually being used at any given time. 
Since bottom type can vary significantly from one 
site to another, each location needs to be monitored 
independently.

Issue 2: Nutrients from faeces and waste feed ferti
lize the water and promote noxious algal blooms.

Industry sector: This complaint largely targets net 
pen and cage fish culture in the marine environment.

Reality: Nitrogen and phosphorus are released 
from faeces and waste feed and enter the water 
column as dissolved nutrients, the levels of which 
can be significantly increased in areas where cages 
or net pens are numerous, particularly in sheltered 
bays that do not have a high rate of flushing.

Solution: Cages and net pens should be sited in 
areas where there is sufficient circulation to carry 
the dissolved nutrients away, and the density of 
cages within a given area should be controlled to 
ensure that nutrient loading of the system does not 
become a problem. Studies have shown that signifi
cant nutrient level increases do not occur in either 

protected or open ocean waters if there is sufficient 
water exchange through the culture chambers. 
Frequent monitoring is recommended. Should the 
bottom immediately under cages or net pens 
become enriched with organic matter to the extent 
that changes in the benthic community or sediment 
chemistry indicate a negative impact is occurring, 
the culture chambers can be moved to an unaf
fected area. The impacted area should be allowed 
to lie fallow until recovery occurs. The required 
fallowing time will depend upon the extent of the 
impact and the farm’s location (recovery may be 
affected by the extent to which a site is exposed to 
currents and wind mixing). Seaweeds grown in the 
vicinity of cages and net pens have been shown to 
decrease nutrient levels.

Issue 3: Water released from culture systems can 
cause algal blooms and silting in of waterways.

Industry sector: This has been an issue associated 
with pond culture facilities and flowthrough race
way culture systems (see Chapter 3).

Reality: When water is released from culture ponds 
and raceways, it may carry high levels of nutrients 
and suspended solids that can impact receiving 
waters. Nutrients can lead to algal blooms, while 
suspended solids can settle out and build up in 
public waterways. The increased sediment load can 
eventually limit the navigability of a waterway and 
may change the nature of the benthic environment 
to the detriment of some species.

Solution: Employing feed ingredients that con
tain forms of phosphorus and proteins (the major 
source of nitrogen) that are more fully utilized by 
the culture animals can help resolve the nutrient 
issue. Some sources of phosphorus are not absorbed 
well, particularly by fish, so research to find alter
native sources with high rates of digestibility and 
absorption has been, and is being, conducted. The 
digestibility of some protein sources is poor as well, 
leading to incomplete absorption of nitrogen. More 
digestible alternate protein sources to replace fish
meal (which is typically highly digestible) have 
received a great deal of attention from researchers. 
Settling basins, recirculation and reuse of the water 
and the use of constructed wetlands can effectively 
ameliorate both the nutrient and suspended solids 
problems. Catfish farmers in the USA may not 
drain their ponds for periods of a decade or more, 
so there is less concern about effluent impacts on 
receiving waters than when water is continuously 
released or when ponds are drained during each 
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harvest period. Using water from freshwater ponds 
to irrigate cropland rather than releasing the water 
into streams can provide a beneficial use of pond or 
raceway effluent.

Issue 4: Cultured organisms are likely to transfer 
diseases to wild organisms.

Industry sector: This criticism has been raised 
with respect to both finfish and shellfish, particu
larly shrimp. It has also been raised with respect to 
exotic finfish and shellfish as it is thought that the 
culture of nonindigenous species may bring in new 
diseases and pass them to wild populations.

Reality: The potential exists, but there is proba
bly a higher probability that wild fish or inverte
brates will pass a disease to the cultured species, 
since the high density of animals in a pond, cage, 
net pen or other facility exposed to surface fresh
water or saltwater can distribute pathogens within 
the cultured species population very rapidly com
pared with transmission among more widely dis
persed animals in the wild.

Solution: Native species should be stocked when 
possible. If a nonindigenous species is used the 
animals should be quarantined for several weeks in 
a facility that does not produce effluent that enters 
natural waters, prior to being stocked in the grow
out facility. In some instances, it is possible for 
aquaculturists to purchase postlarval shrimp or 
other species that have been certified specific 
pathogenfree. To help ensure that nonindigenous 
species are not carrying pathogens, careful moni
toring should be conducted of all cultured animals 
in the hatchery prior to release. Certification of 
health from an animal health professional; careful 
monitoring to detect a disease occurrence early, no 
matter what the source; and prompt treatment 
when a disease is detected are all ways to address 
the problem.

Issue 5: Cultured fish that escape will negatively 
impact wild populations by competing with, and 
possibly dislocating, them.

Industry sector: This concern has been focused 
primarily on finfish and shrimp reared in systems 
that are in the natural environment or in which the 
effluent enters the natural environment, providing 
a pathway for escapement. It has been raised with 
respect to cultured exotic species as well as native 
species (see also related Issue 6, below.)

Reality: Escapement has been a problem, and is 
rarely going to be 100% preventable, though 

aquaculturists do everything they can to prevent 
escapes from occurring since lost animals represent 
lost revenues. A major concern in the state of 
Washington, USA, has been that Atlantic salmon 
escapees would become established as reproducing 
populations (this ignores the fact that the US gov
ernment stocked Atlantic salmon along the Pacific 
coast for decades beginning in the 1870s without 
establishing breeding populations). There seems to 
be little evidence to indicate that Atlantic salmon 
escapees are successfully competing with wild 
Pacific salmon. In Texas, USA, the issue has been 
raised with respect to the rearing of exotic Pacific 
white shrimp in ponds along the Gulf of Mexico. 
Escapes have occurred, particularly in the past, but 
no cultured shrimp have been observed in the 
commercial trawl fishery. Tilapia have escaped 
from culture systems in several countries and become 
established in the wild, apparently without creat
ing significant environmental problems, though 
the deterioration of dead tilapia killed by low tem
peratures in temperate climates can cause odour 
problems.

Solution: Improved biosecurity has reduced the 
escapement problem, though catastrophic failures 
of such facilities as net pens and cages can still 
occur due to storms, vandalism and so forth. There 
is always the chance that screens preventing shrimp 
from leaving ponds could fail as well, or that 
shrimp could be lost during harvesting. Pond levees 
can overflow during heavy rains, allowing fish to 
escape. So, while the problem can be limited to a 
large extent, it will probably never be completely 
resolved.

Issue 6: When cultured species are reared in waters 
where wild animals of the same species live, escap
ees from aquaculture can breed with their wild 
counterparts, resulting in change to the genetic 
diversity of the wild population. A major concern 
is that exotic species will escape and reproduce in 
their new environment. They may then compete 
with native species, and even displace some local 
species. They may also disrupt habitat, and in some 
cases interbreed with local species.

Industry sector: The escapement issue has pri
marily been associated with Atlantic salmon farm
ing in Norway and along the North Atlantic region 
of North America, but it has been mentioned in 
relation to various other species as well and is cer
tainly on the minds of those who are concerned 
about the use of exotic species in aquaculture.
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Reality: This issue has been a major one in 
Maine, USA, where native Atlantic salmon popula
tions have declined precipitously even though 
hatcheries have been producing fish for stocking 
for over 130 years using Maine broodstock (though 
Canadian broodfish have also been used in the 
past). The cultured fish on Maine commercial 
farms are thought to have arisen from crossbreeding 
Maine, Canadian and European stocks. Geneticists 
believe that, if the wild and cultured fish interbreed, 
significant changes in genetic diversity may occur, 
leading to less adaptability of the fish to the wild 
and further reduction of populations of wild fish in 
the state. As a result, Maine salmon farms are 
allowed to use only Maine broodstock. In Norway, 
where wild and cultured salmon come from the 
same stock, researchers have determined that 
escapees from aquaculture do not have much 
impact on the wild salmon runs since the cultured 
fish are competitively inferior and have poor repro
ductive success. In any case, the issue is still being 
hotly debated and can be expected to expand with 
the growth of marine fish culture. With respect to 
exotics, there has been virtually no control in many 
parts of the world on exotic introductions, though 
that situation is changing. However, in many coun
tries the horse, as they say, is already out of the 
barn and it may be impossible to get it back.

Solution: Prevention of escapement is the most 
important step that the aquaculturists can take with 
respect to fish that have been altered in terms of their 
genotype through many years and generations of 
selective breeding. In Maine, USA, a fisheries agency 
has placed traps near the mouths of some rivers to 
capture salmon returning to the spawning grounds. 
Biologists say they can visually discriminate the wild 
from the cultured fish that are trapped. They release 
the fish identified as being wild upstream and sacri
fice fish they determine to be from fish farms. The 
cultured salmon in Norway have also been geneti
cally modified through selective breeding. For other 
species, the best approach may be to maintain the 
wild genotype to the extent possible by random 
selection and frequent replacement of broodstock 

from the wild population. Another approach, which 
has been used with grass carp, is to stock triploid 
fish. The process of producing triploids is discussed 
in Chapter 6. If exotic species are used, strict biosecu
rity needs to be practised. The best solution is to 
avoid the use of exotic species in marine aquaculture. 
One thing is almost a certainty: at some point, 
escapes will happen.

Issue 7: The use of antibiotics in salmon feeds leads 
to the development of antibioticresistant strains of 
bacteria.

Industry sector: All sectors of aquaculture could 
be targeted, though the issue has mostly been raised 
in culture practised in public waters or in water 
that is released to public waters.

Reality: Indiscriminate use of antibiotics is a 
legitimate issue and research has identified increas
ing numbers of antibioticresistant bacterial spe
cies. Some antibiotics are excreted by fish through 
their urine and enter the water in that manner. 
Some are used as feed additives and can get directly 
into the water as excess feed dissolves. It should 
also be noted that the amounts of antibiotics that 
enter the water through sewage outfalls (antibiotics 
entering the water with human waste and from 
people dumping unused antibiotics down the toilet 
and into a sewage system) and from pastures and 
feedlots (antibiotics used to treat livestock) also 
pose a threat, and one that is probably more signifi
cant than that from aquaculture, because the 
amount of chemical entering the water is much 
higher than the amount associated with fish farms 
(assuming farmers follow recommended dosage 
levels). Another more serious problem is the pres
ence of traces of unapproved antibiotics found in 
cultured shrimp imported by countries that pro
hibit those antibiotics. Exposure to even minute 
traces of certain antibiotics can be deadly to people 
who are allergic to those drugs.

Solution: Maintaining the proper culture condi
tions to keep stress on the animals to an absolute 
minimum can play a major role in reducing the 
incidence of epizootic diseases (Box 1.8). Treatment 

Box 1.8.

A disease outbreak in humans is, of course, referred to as an epidemic. For species other than humans, the term 
epizootic is used.
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is necessary when a disease is detected, and epi
zootics will occur from time to time, even in the 
bestmanaged facilities. In many countries only 
governmentally approved antibiotics can be used 
and there are regulations concerning which species 
can be treated, the amount of the drug that can be 
utilized, the number of days an approved antibi
otic can be used and, importantly, the amount of 
time after completion of treatment that must pass 
before the treated animals can be harvested and mar
keted. The latter is known as the withdrawal period. 
Responsible aquaculturists only use antibiotics when 
a disease problem has been identified. They do not 
use them prophylactically, not only because the 
chance of creating antibiotic disease resistance 
would increase, but because the cost would be 
prohibitive. Some nations have banned importa
tion from countries that export such aquaculture 
products as shrimp that contain residues of unap
proved antibiotics at any level, while other coun
tries screen incoming shipments to ensure that 
minimum acceptable levels of residues are not 
exceeded.

Issue 8: Destruction of mangrove areas for aqua
culture ponds results in a number of significant 
ecological impacts.

Industry sector: This issue has focused primarily 
on the shrimp farming industry in Southeast Asia 
and Latin America. Mangroves have also been 
cleared for fish pond construction in parts of 
Africa, but not to the same extent as has occurred 
in conjunction with shrimp farms.

Reality: Shrimp farms in tropical Asia and Latin 
America have been blamed for wholesale destruc
tion of mangrove areas. This has previously been 
discussed and will not be repeated, other than to 
reiterate that regulations have been put in place to 
control or eliminate the practice in many areas.

Solution: In part due to pressure from environ
mental groups, and also through their recognition 
of the significance of the problem, governments in 
many affected nations have come to appreciate 
the importance of their mangroves and have lim
ited or stopped destruction of them for any pur
pose, including aquaculture. Some restoration of 
pond areas by planting mangroves has also been 
initiated.

Issue 9: Using fishmeal and fish oil in aquaculture 
feeds is unsustainable and improper. It makes no sense 

to feed fish to fish, and aquaculture of carnivorous 
species should be discontinued.

Industry sector: Salmon and shrimp culture have 
been the primary targets of the opposition, but any 
carnivorous aquaculture species is the subject of 
attack based on use of fishmeal and fish oil as die
tary ingredients.

Reality: The aquaculture species most in demand in 
developed nations are often dominated by carnivores 
that grow best on animal proteinbased feeds, which 
can be best produced using fishmeal. Fishmeal is a 
widely used ingredient in livestock and aquaculture 
feeds. It is obtained from species such as Peruvian 
anchoveta (Engraulis ringens), herring (Clupea 
spp.), pollock (Pollachius spp.), sand eels (Hyperoplus 
spp.), sardines from various genera and menhaden 
(Brevoortia spp.). Some of those species, such as 
anchovies, sardines and menhaden, are very high in 
oil, which is also a valuable commodity. The oil is 
extracted from the fish after which they are dried and 
ground into a fine meal. Those who object to the use 
of fishmeal as an ingredient in aquaculture feeds often 
use the argument that it takes 2 kg or more of fish
meal to produce 1 kg of edible fish which, following 
their logic, is an indication that aquaculture is not a 
sustainable practice. There is also a perception that 
aquaculture is the primary user of fishmeal in the 
world. The fact is that the amount of fishmeal used in 
feeding terrestrial livestock, poultry, housecats and 
other terrestrial animals exceeds that used in aquacul
ture, though the percentage going to aquaculture is 
increasing as production expands. Aquaculture uti
lized about 10% of the world’s fishmeal supply in 
1990 and reached 46% in 2002.

Fish oil is also used in aquaculture feeds because 
it contains an abundance of highly unsaturated 
fatty acids (HUFA) that are required by many fishes 
of aquaculture importance, particularly marine 
species. There is also competition for fish oil in the 
marketplace. It is found in certain human foods 
such as margarine in some parts of the world and 
is becoming increasingly popular as a dietary sup
plement because various studies have shown health 
benefits of various kinds.

While it may appear to make no sense to feed fish
meal to fish (and shrimp), the reality is that something 
less than 1.5 kg of feed (dry weight) can produce  
1.0 kg of salmon (wet weight). Compare that with 
poultry where production of 1 kg of chicken requires 
at least 2.0 kg of feed; and swine, where the feed con
version efficiency is much lower than for chickens.
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Both fishmeal and fish oil supplies, and conse
quently their prices, can vary considerably, often 
driven by the annual Peruvian catch of anchoveta. 
That catch is sustainable because the fish is short
lived, but it does fluctuate greatly as a consequence 
of El Niño and La Niña years that impact the nutri
ent levels off Peru, which support the plankton 
upon which the anchoveta depend for food.

Solution: Aquaculture nutritionists have, in recent 
years, been attempting to reduce the percentage of 
fishmeal used in aquaculture feeds and have made 
significant progress in that endeavour, even to the 
extent that for some species fishmeal can be 
entirely replaced with alternative protein sources 
(details are presented in Chapter 7). That ingredi
ent has been reduced to zero in many channel cat
fish feed formulations and has been reduced 
significantly through the use of alternative protein 
sources in feeds manufactured for various other 
aquatic species, including salmon and shrimp. 
Researchers continue to develop diets for addi
tional species that produce good performance but 
contain little or no fishmeal. Some success has been 
achieved in genetically modifying plants to yield 
higher levels of the required amino acids and 
HUFAs that aquatic animals require. Of interest is 
that world fishmeal supply dropped 12% from 
2000 to 2008 while aquaculture production 
increased by 62% during that same period (www.
fao.org/fishery/statistics/en ).

Issue 10: The use of genetically modified organisms 
(GMOs) in aquaculture threatens other species, 
including humans.

Industry sector: All sectors of aquaculture, 
including plant culture, are being criticized.

Reality: GMO or transgenic species are organ
isms in which one or more genes from one species 
have been incorporated into the genome of another 
to alter some characteristic of the recipient organ
ism. One example is incorporation of a growth 
hormone gene from one species into another to 
enhance the growth of the latter. Stories have been 
circulated in the press that GMO ‘Frankenfish’ (in 
reference to the monster created by Dr Frankenstein 
in the novel by Mary Shelley) have been developed 
that grow many times faster than nonGMO fish of 
the same species. The prediction has been that these 
dreaded superfish could wreak havoc on the aquatic 
environment and inhabitants therein. Improved 
growth rates have been realized, but they are in the 
order of 10% in most cases, rather than several 

hundred per cent, though some reports of substan
tial increases in growth rate have been reported. 
Still, production of giant fish is unlikely. 
Unsubstantiated claims of GMO fish growing 
much faster and getting much larger than their 
nonGMO cousins have appeared in the press and 
one of my favourite authors, Clive Cussler, wrote 
in his novel White Death about an unscrupulous 
aquaculture firm that produced voracious GMO 
salmon that were depleting the oceans of their non
GMO counterparts and numerous other species 
until the protagonists in the book managed to deal 
with the problem.

Solution: In the USA, the Department of 
Agriculture (USDA) developed the National 
Biological Impact Assessment Programme to facili
tate safe field testing of transgenic organisms. The 
USDA took the view that products developed 
through biotechnology are not considered to have 
fundamental differences from products developed 
through traditional types of research. Many trans
genic crops are currently being grown in the USA, 
including those that may provide increased levels 
of amino and fatty acids essential for good growth 
of aquacultured species. Transgenic Atlantic 
salmon, containing a growth hormone gene from 
another species, received approval for human con
sumption in the US by the Food and Drug 
Administration in 2015, but production of other 
GMO fish in the US is prohibited. Transgenic 
zebrafish, tetras and tiger barbs that contain fluo
rescent proteins are currently being sold commer
cially in the ornamental trade in the US. They 
come in several colours, but apparently are consid
ered safe since they are unlikely to be consumed by 
people, though swallowing goldfish was once 
popular in the US, so one never knows.

Permission to maintain transgenic fish under 
aquaculture conditions has been granted by the 
USDA to researchers, but only in instances where 
it can be demonstrated that the fish and their 
progeny cannot escape and possibly establish 
reproducing populations in nature. Use of GMOs 
in aquaculture is strictly prohibited in many 
nations, particularly in Europe. The EU does not 
allow the production or import of GMOs, even in 
the case of fruits, vegetables and grains. One area 
where GMOs may see a great deal of use is in feed 
ingredients used in aquaculture in areas where 
they are allowed. GMO plants that have enhanced 
protein levels are more digestible, or have other 
positive attributes which could play a major role 

http://www.fao.org/fishery/statistics/en
http://www.fao.org/fishery/statistics/en
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in aquaculture feeds in the future as replacements 
for fishmeal and other expensive ingredients.

Issue 11: Aquacultured organisms are inferior to 
those that are wildcaught in many respects, includ
ing their levels of mercury and polychlorinated 
biphenyls (PCBs).

Industry sector: Fish and shrimp are the primary 
targets. The issue does not seem to carry over to 
molluscs, where the problem is primarily associated 
with the potential for transmission of human 
pathogens.

Reality: Claims have been made that the flavour 
of cultured species such as salmon and shrimp is 
inferior to that of their wild counterparts or that 
their texture is inferior. In blind sensory evaluations 
by taste panels, aquaculture products often are 
judged as superior to wild ones, though that is not 
universally true. I participated in a blind taste test 
that evaluated three sources of salmon (wild from 
Alaska, cultured from the west coast of the USA and 
cultured from the east coast of the USA). About 140 
people attending an international convention of 
chefs and writers for food magazines were involved. 
The three samples were evaluated as being virtually 
equivalent in terms of appearance (colour), texture 
and flavour. While this was an unscientific test, it 
did involve a number of people who were previ
ously convinced that cultured salmon are inferior, 
and probably changed a few minds.

Laboratory tests have not shown that chemicals 
such as mercury and heavy metals or PCBs in cul
tured fish pose an added threat to humans. Widely 
published reports of high levels of PCBs in cul
tured salmon as compared with wild salmon have 
been refuted by additional studies. In most recent 
studies, the levels in cultured salmon were actually 
lower than in wild salmon. The same is true for 
mercury. There are exceptions where fish are living 
in highly contaminated water. An example is 
salmon in the Great Lakes of the USA and Canada 
where PCB levels are far above acceptable levels 
and people are told either not to eat the fish or to 
limit their consumption to very small amounts at 
long intervals. It has been suggested by some critics 
that cultured fish and shrimp reared on formulated 
feeds cannot be considered organic and should be 
avoided. There have also been statements made 
and studies published arguing that aquaculture 
feeds contain organic chemical contaminants that 
could be dangerous to humans who consume the 
cultured animals. Support for that position has 

often been based on such small sample sizes that a 
valid statistical analysis is not possible. Those who 
recommend against eating cultured fish have also 
been taken to task for expressing concern about 
public health when the levels of organic chemicals or 
trace metals contaminants found were orders of 
magnitude below those thought to have any effect on 
human health. In fact, one recent study of wild and 
cultured salmon that looked at the levels of a flame
retardant chemical indicated that the average 70 kg 
human would have to eat 6 tonnes of salmon a day 
to incur health problems! What with claims and 
counterclaims about the safety of wild versus cul
tured fish, it is little wonder that the public is 
confused.

Solution: The only solution to misconceptions 
about contamination in cultured seafood lies in 
conducting valid research to investigate the claims 
and to widely disseminate the results through 
aggressive public education programmes. Such 
studies need to be pursued with all due diligence to 
scientific integrity. There is too much ‘junk science’ 
made available through the media, on the internet 
and, regrettably, in the scientific literature.

Issue 12: Diseases of aquacultured species can be 
passed to humans.

Industry sector: Fish and shellfish are both con
sidered as reservoirs of human pathogens.

Reality: There seems to be little or no scientific 
basis for this objection in conjunction with finfish 
and crustaceans. Most diseases that affect those 
groups cannot generally be transmitted to humans. 
Human pathogens that may be on the surface of fish 
or crustaceans or that have been consumed by filter
feeding shellfish can affect humans. Some pathogenic 
bacteria have been known to infect people who clean 
fish and other groups that had somehow become 
contaminated (such as fish exposed to sewage efflu
ents or were reared in ponds fertilized with manure 
or night soil). Bacteria from the surface of the ani
mals can enter a human through an open wound or 
if the individual is cut or spined while cleaning the 
animal. Shellfish, such as oysters, can accumulate 
human pathogens and pass them along to humans, 
particularly if the shellfish are consumed raw.

Solution: Individuals who clean aquatic animals 
should take care to avoid being cut by spines or 
knives. Consumption of raw fish or shellfish that 
have been reared or captured from the wild in con
taminated water should be avoided, particularly by 
people with compromised immune systems. Public 
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health officials in some countries monitor public 
waters for such contamination and close waters that 
are found to be affected from any harvest of the 
shellfish until the animals are purged of the cause of 
the problem, which may be a pathogen or a chemical 
such as domoic acid (which can cause paralysis and 
death in humans and is associated with toxic algal 
blooms).

Issue 13: Aquaculture interferes with access by 
other users of public waters.

Industry sector: This issue has primarily been raised 
with regard to cage and net pen culture, and could 
apply to raft and longline mollusc culture as well.

Reality: Concerns expressed by critics include 
the contention that cage and net pen culture inter
fere with navigation and access to traditional com
mercial fishing and recreational fishing grounds. 
That can certainly happen, particularly when the 
proper regulatory environment is not in place, 
though some opponents will not be satisfied until 
all aquaculture in public waters is banned.

Solution: Develop a regulatory framework that 
ensures traditional users of public waters access in 
cases where that is appropriate or necessary. Tradi 
tional fishing grounds, military exclusion areas and 
shipping lanes are locations that should not be permit
ted for aquaculture.

Issue 14: Aquaculture has negative impacts on 
marine mammals.

Industry sector: Marine cage and net pen culture 
are the primary targets, but shellfish beds have also 
been mentioned in some cases where entanglement 
of marine mammals with ropes could occur.

Reality: The primary concern of aquaculturists is 
marine mammals that tear nets and allow fish to 
escape, while those opposed to aquaculture tend to 
worry about mammals becoming entangled and 
drowning. Incidents of mammals being negatively 
impacted through entanglement appear to be rare, 
except in commercial fisheries where drift nets 
(which can be miles long) are used. While most of 
the attention has been related to marine mammal 
interactions with net pen facilities, marine mam
mals can also cause shellfish beds to become con
taminated with faecal coliform bacteria, making 
the shellfish unfit for human consumption until 
they are purged of the bacteria.

Solution: Marine mammal predator nets placed 
outside of the more easily torn net pen enclosures 
are being employed in areas where marine mammal 

interactions with aquaculture have been, or could be, a 
problem. Those nets are generally effective in protect
ing both the marine mammals and the net pens from 
damage. There has also been some use of acoustic 
harassment devices that emit loud noises to keep seals 
away from net pens. Loud noises may also cause stress 
to the aquaculture species, so that could be an issue.

Issue 15: Capture of wild animals for stocking in 
growout facilities will lead to decimation of existing 
stocks.

Industry sector: This activity applies to a few 
cultured species of finfish and shellfish.

Reality: In some nations, collection of wild post
larval shrimp, young milkfish or immature tuna 
from nature for stocking aquaculture facilities is 
taking place. That practice apparently has had a 
negative impact on wild stocks of shrimp in some 
locations and, while the problem does not seem to 
be significant for other species, it could become 
serious if it expands in the absence of annual stock 
assessments to determine that taking the wild ani
mals is done at a level that is sustainable.

Solution: Researchers have developed techniques 
to culture each of the organisms mentioned, so it is 
now possible to close their life cycles. Milkfish and 
shrimp are largely produced in hatcheries today, and 
progress has been made in the case of some tuna spe
cies. Economic and government regulations are con
siderations that will influence the course of action 
taken by culturists. While most wild species captured 
for growout have involved larval or other early life 
stages, tuna culture involves capturing fish that each 
weigh several kilograms and towing them from open 
ocean areas in purse seines to coastal net pens for 
growout. The longterm sustainability of that prac
tice is unknown, but rearing tuna from egg to market 
size would increase the culture period by up to per
haps several years and add greatly to the expense 
associated with tuna culture. American lobsters of 
marketable size are sometimes captured in Maine, 
USA, placed in lobster pounds, which are floating 
boxes typically tied to a dock, and held until either 
the price goes up, or until lobsters that have recently 
moulted, and have soft exoskeletons, harden up. The 
technique also provides the market with live lobsters 
during periods when the fishery is closed. The prac
tice is sustainable so long as there are proper seasonal 
quotas set by the management agency.

Issue 16: Aquaculture facilities are sources of exces
sive noise and foul odours.
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Industry sector: This is another complaint aimed 
primarily at cage and net pen fish culture facilities, 
but also some raceway systems.

Reality: Very little noise or odours are associated 
with cage or net pen operations, at least those I 
have visited in the USA, Norway, Scotland, Chile, 
Malaysia, Nepal, the Philippines and Japan.

Solution: Noise appears not to be a real issue, 
though it could be around facilities that use sound 
cannons to deter bird predation. That has been 
common on salmonid raceway facilities where 
birds can consume large numbers of presmoult 
fish. During harvest of facilities immediately adja
cent to shore, there may be some noise that occurs 
if boats and other types of equipment are used dur
ing the process. When that is the case, harvesting 
operations typically do not begin until well after 
dawn and are terminated well before nightfall so as 
to reduce the disturbance in the evening and at 
night. BMPs call for picking up any mortalities that 
occur and properly disposing of them daily, which 
eliminates any potential odour problem from 
decomposing carcasses.

As each objection is addressed by the aquacul
ture community, new ones quickly arise. Thus, the 
items listed above do not by any means exhaust 
the supply of objections, either current or forth
coming. In addition, the objections that are lodged 
in one country or against practices associated with 
one component of the industry are often not uni
versal, so different parts of the world and different 
aquaculture sectors are fighting different battles. 
For example, lethal control of predatory birds 
around fish farms is prohibited or strictly regu
lated in some countries, but no prohibition exists 
in other nations.

Coastal aquaculturists who have pond systems, 
whether for rearing vertebrates or invertebrates, 
have come into conflict with single family home, 
condominium and shopping centre developers; 
with industries interested in expansion; and with 
wetland protection and preservation laws. The 
competition for land adjacent to the sea coast in 
many parts of the world – particularly in devel
oped nations – is great, and the amount of suitable 
and available land area for aquaculture, assuming 
the land could be economically purchased for 
that use, is shrinking. At the same time, there is 
competition for space in coastal waters that 
would be suitable for cage or net pen operations. 
Many believe that the future of aquaculture 
expansion in developed nations will be associated 

with recirculating systems on land and with off
shore facilities in the ocean (see Chapter 3).

Worldwide, the aquaculture community has been 
reactive rather than proactive when addressing the 
real problems that have been identified in associa
tion with the sustainability of aquaculture. In 
recent years, various groups, including FAO and 
GAA, have developed codes of conduct for aqua
culture, as previously indicated. Several individual 
nations also have devised such codes of conduct, 
including Australia, Belize, Malaysia and Thailand. 
Such a code has been developed by the Department 
of Commerce in the USA as well. Guidelines for 
responsible aquaculture have also been formulated 
by international conventions.

Animal Welfare

Like the term sustainability, animal welfare, and in 
particular aquatic animal welfare, is a difficult con
cept to get one’s arms around. It means far different 
things to different people. At one extreme are those 
who want to ban all aquaculture, or at least all 
finfish aquaculture, because fish should not be con
fined in any way but should be able to roam freely 
and enjoy life. That view would generally include 
that fish in confinement are stressed and may be 
suffering and that they have feelings much like 
humans. That view is not widely shared yet, but 
increasing numbers of people are moving in that 
direction. I do not know of anyone who argues the 
other end of the spectrum, which would indicate 
that we should have no concern whatsoever about 
inhumane treatment of animals, including aquatic 
species.

There is an ongoing discussion as to whether fish 
feel pain. Does jumping around after being hooked 
mean that a fish caught by an angler is in pain? 
Does the neural physiology of a fish incorporate 
pain receptors? Some say yes, others say no. Science 
may eventually work that out, but whatever the 
answer, many sceptics will not be swayed one way 
or the other. To some, the emotional argument 
supersedes anything that science might provide as a 
definitive answer.

Can we accept the fact that aquaculture has 
some level of importance in providing food for 
people as well as enjoyment to aquarists, break
throughs in medicine as surrogates for humans in 
research, a source of pharmaceutical products, 
among other things? Further, can we acknowledge 
that aquaculture is here to stay? If the answers to 
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those questions are yes, then we should make some 
effort to treat the animals in a manner that reduces 
their level of stress to the extent possible. If we 
provide a lowstress environment, we get better 
growth, improved disease resistance and have a 
betterquality product in the end. There are various 
ways of measuring stress in finfish, though perhaps 
not in some other aquatic species of culture interest. 
Stress can be measured through increased levels of 
cortisol in the blood, for example. Whether or not 
one subscribes to the theory that fish have ‘feelings’, 
it is well known that stress can lead to all sorts of 
problems in cultured aquatic animals, some of 
which were just mentioned. What was not men
tioned is that stress can also lead to death, which is 
not too desirable if the culturist is interested in 
eventually marketing the product.

It has been argued that disease problems are more 
prevalent in cultured than in wild fishes, so not only 
are cultured species unhealthy, but their welfare is 
compromised. However, the opposite view has also 
been espoused, with the argument that because of 
good environmental management and prophylaxis, 
cultured species are actually less likely to experience 
a disease outbreak than are their wild counterparts; 
thus, it can be argued that fish welfare is actually 
improved under culture conditions.

You may have noticed that when I mentioned 
the benefits to mankind of food and ornamental 
species, among other positives that can come 
from aquaculture, I did not include production of 
bait for recreational (and in some cases) commer
cial fishing. Each individual should make up his 
or her own mind as to how they feel about put
ting a fish or polychaete worm on a hook or using 
bait to chum the water to attract fish. Then there 
are those who object to using one type of fish to 
feed another. For example, small goldfish are 
sometimes used by aquarists as live food for 
ornamentals. So, the issue of animal welfare can 
become quite complicated, particularly when 
human emotions enter into the debate. In fact, if 
it were not for human emotions, headed up by 

empathy for nonhuman organisms, there might 
not be any debate about animal welfare.

As discussed in the Branson book mentioned in 
the ‘Additional Reading’ section, several effects of 
fish culture that can adversely affect the animals can 
exist. These include the density at which the fish are 
confined, feeding practices, handling, transporta
tion and slaughter (which may not take place at the 
site of the aquaculture facility). Taking just the first 
item on the list, the argument has been made that 
the higher the density in the confinement system, 
the more the stress that is placed on the animals. 
Ultimately, that is true, but in some cases, species 
actually perform better at fairly high density than at 
low density. Schooling fishes might be an example 
of fish that have evolved to be in close proximity to 
others of their species. Or, for those people who 
want to be anthropomorphic, the fish feel better 
when they have their friends and families around 
them. Research has determined the optimum stock
ing density ranges for various finfish species and for 
some invertebrates based on their performance 
under different levels of crowding. It is often neces
sary to reduce the density as the animals grow, 
because actual numbers per unit volume of water 
are usually not nearly as important as total biomass 
per unit volume of water. It just makes sense that 
large fish take up more of the space in a culture 
chamber than the same number of small fish. 
Performance can be affected through deteriorating 
water quality, inability to move about and other 
factors. There are even reports, though somewhat 
isolated and not fully substantiated, that at least a 
few fish species are able to produce a chemical that 
causes an autoimmune response resulting in mortal
ity to a portion of the population when a certain 
level of overcrowding occurs. I will mention that 
hypothesis later when stress is more completely 
discussed. Another interesting finding is that stock
ing density of European eels (Anguilla anguilla) 
from the glass eel to the elver stage influences the 
ultimate sex of the animals. High stocking densities 
produce eels that tend to become females (Box 1.9).

Box 1.9.

The life cycle for many eel species of interest to aquaculturists has not been closed; that is, captive spawning and 
early life cycle rearing have not been successfully conducted to date. An exception is the Japanese eel, Anguilla 
japonica. In most cases, as with American and European eels (A. rostrata and A. anguilla), glass eels are typically 
collected from nature for growout. The glass eel stage is the one into which the leptocephalus larva metamorphoses.
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Ethics

For the vast majority of commercial aquaculturists, 
the bottom line is to make a profit. There may be 
some aquaculturists who are so independently 
wealthy they can produce at a financial loss and 
stay in the business for the pleasure they obtain 
from their involvement, but such individuals are 
going to be scarce. It is true that many go into 
aquaculture to a large extent because they are inter
ested in providing food for others, and many also 
enjoy working on, in and around the water. But 
financial gain is typically a major motivating fac
tor. However, some take the concept of financial 
gain to the extreme and go beyond what is ethical, 
or even legal. I refer to those individuals as aqua
shysters or bioshysters.

There are not all that many unscrupulous people 
involved with aquaculture, but it only takes a few 
to give the discipline a very bad name, particularly 
to the people whom the aquashysters prey upon 
and scam out of their money. Those whose ethics 
are questionable often claim to have a revolution
ary new product under development, plan to estab
lish a major aquaculture facility using technology 
that they have developed that promises to return 
hundreds of per cent on investment within a year 
or two, or make some other, often outrageous claim 
to talk investors out of their money. Another 
scheme might involve what is claimed to be a major 
breakthrough in the successful culture of a species 
that has never been produced commercially in the 
past. An example of the latter would be the claim 
that the aquashyster has found a way to spawn and 
grow bluefin tuna (Thunnus thynnus) from egg to 
market size in the amazing time of 6 months.

Whatever the scheme may entail, it is highly 
unlikely that any product, facility or animal will be 
produced; or, if they are, the activity will largely be 
a show to provide a means of obtaining more money 
to flow into the pocket of the aquashyster. In one 
instance I heard about a couple of disreputable indi
viduals who claimed to have developed the technol
ogy to culture Florida spiny lobsters (P. argus) from 
egg to market with low levels of mortality. When 
they spoke to prospective investors, they showed off 
a tank with a few immature lobsters that they 
claimed had been produced from eggs that they had 
hatched and larvae that they had grown through 
metamorphosis. The reality was that they caught 
some undersized (read illegal) lobsters, put them in a 
tank and claimed they had grown them.

I once talked to a person who was selling a prod
uct that was supposed to greatly enhance water 
quality when added to a closed recirculating cul
ture system (jump ahead to Chapter 3 if you want 
to know the details about such systems). Improved 
fish growth and reduced disease resistance would 
occur and all it would take is a small amount of the 
magic liquid to get amazing results. Oh yes, and if 
you were to take a sample of this miracle product 
to a laboratory for analysis, all they would be able 
to detect would be H2O: yes, that is right, it would 
analyse as pure water. Truly amazing and unbeliev
able unless you happen to be very gullible or just 
interested in throwing away some investment 
money. My lab at Texas A&M University was 
offered a barrel of the stuff to try out in our culture 
systems, but it never materialized.

Another person dropped by my laboratory and 
said he had developed a culture system that would 
fit in the bed of a pickup truck so you could grow 
fish while driving down the highway. No, you 
read that correctly. The system was not designed 
to keep fish alive while you hauled them to 
another site for stocking or to the local processing 
plant. The system was actually meant to be a 
growout facility. What the market for such a sys
tem would be is unknown, but it probably would 
not be very large. I cannot imagine why you 
would want a mobile culture system unless you 
were moving from town to town over a period of 
several days or even weeks selling small numbers 
of small live fish for stocking farm ponds; and 
that’s a stretch, as those who deliver fish to those 
wishing to stock their ponds typically advertise 
when and where interested parties can obtain fish 
with or without obtaining orders in advance. In 
any event the distance of travel from the produc
tion facility to the point of sale is generally rela
tively short. The producer may limit delivery sites 
to no more than a few hours from the production 
facility and haul fish numbers that can be sus
tained with aeration. Thus, a complicated system 
of water treatment on the hauling truck is not 
required. They do not stay on the road for several 
days. For the way they operate a simple live
hauling tank will be sufficient (see Chapter 9). 
With respect to that individual, I did not get the 
impression I was dealing with a bioshyster, but 
just with somebody who did not quite get the 
picture. So, let us give that fellow a break, and just 
call him a person with an idea for something that 
nobody needs.
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Short of having a facility to show the prospective 
investor, or at least an actual site where construc
tion is planned or is under way, the aquashyster 
may have a set of elaborate plans, including per
haps blueprints drawn up by a presumably respect
able architectural or engineering firm. In many 
cases the proposed culture site is not convenient to 
the place where the aquashyster is soliciting invest
ment money. For example, perhaps you are in 
London being solicited by one of these people, who 
says: ‘I can’t take you to the site, which I have 
found in the faroff reaches of Pago Pago, but I can 
show you the blueprints for the farm. Of course 
you will have to swear not to divulge the various 
top secrets that will be revealed.’ That should cause 
the alarms to go off, but the promise of a quick 
20% return on investment tends to make some 
people unable to recognize they are being led down 
the proverbial garden path. One has to wonder 
how the downturn in the global economy in recent 
years has impacted the success of aquashysters.

It is a good thing that the majority of those 
involved with aquaculture are honest people dedi
cated to producing highquality, healthful products 
and making a reasonable profit. Those legitimate 
people often look for investment capital because 
banks are often unwilling to take a chance on 
aquaculture – largely because many of them have 
no experience with such facilities and do not know 
the level of risk, except in regions where aquaculture 
has already been established and is flourishing. 
However, if you are approached by someone with 
an aquaculture idea that just seems too good to be 
true and will provide an incredible return on your 
investment, you might want to turn your back and 
go after some of those millions of dollars that are 
being discovered in a growing market that can be 
yours if you provide your bank account informa
tion so the funds can be transferred! In either case 
you are about to be fleeced.

Before leaving this topic, I would be remiss in 
not indicating that unethical behaviour is not lim
ited to the private sector. Some scientists also push 
the bounds of honesty or even trample over the 
concept when they search for answers in their 
research that support their personal theories or 
beliefs, or in all too many cases, search for the 
answers that the sponsoring entity of the research 
would like to have. Just as one can hire a lawyer 
to argue just about any position that someone 
might develop on virtually any issue, it appears as 
though at least some scientists have that same 

ability. Much of the controversy that surrounds 
aquaculture is based on ‘studies’ in the published 
literature that either ignore the facts, bend the 
facts to fit the author’s views on the topic or mis
interpret the research results, whether accidentally 
or intentionally. Junk science attesting to horrible 
aquaculture practices and outcomes has received a 
lot of attention in the media, while the peer
reviewed research that demonstrates the actual 
situation is often ignored. It is even more disturb
ing when opinion pieces that are based on partial 
truths or allout falsehoods are published in what 
are considered to be distinguished scientific organs 
which later refuse, in many cases, to publish 
rebuttals.

How about the imposition of the views of one 
human culture upon another? What I mean by that 
is associated with an experience I had several years 
ago when I was involved with a grant from the US 
Agency of International Development (USAID) to 
Texas A&M University to work with the Bureau 
of Fisheries and Aquatic Resources (BFAR) in the 
Philippines to develop a hatchery that was sup
posed to produce millions of Nile tilapia 
(Oreochromis niloticus) and common carp 
(Cyprinus carpio) fingerlings annually. The grant 
called for the selection and training of BFAR 
extension workers who would operate the hatch
ery and distribute the fish to rice–fish farmers. 
These were farmers who, with slight modification 
of their rice paddies, could develop an additional 
product. The typical Filipino farm family at the 
time had 7.8 children on average, and the dietary 
staple was rice. Much of the production from the 
rice paddies went to feed the family, with the rest 
being sold or bartered for other necessities of life. 
In many cases, the children were undernourished 
because of the absence of animal protein in their 
diet. The idea of the programme was for the fami
lies to use the fish so that they would get some 
animal protein into their diet. What we found out 
was that after the fish were harvested the appear
ance of a television antenna was, as likely as not, a 
sign of what transpired. Instead of keeping the fish 
for his family’s use, the farmer would typically 
take them to market and sell them. He would then 
use the money to buy a television set for his one 
or tworoom cottage. Some people I have told that 
story to were of the opinion that while we were 
trying to improve human nutrition, the farmers 
were irresponsible in selling the fish and using the 
money for a luxury item. ‘Here you are, trying to 
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help people out, and what do they do but take 
advantage of your charity and squander it on 
something they really don’t need,’ was the opinion. 
My response to that was if the farmer felt that the 
purchase of a television or some other household 
item that the family wanted was the highest prior
ity, then that was his decision (or commonly his 
wife’s I imagine, as the women are often the ones 
who run the financial end of things in the rice 
farming community). Who were we, as outsiders 
from an entirely different background and culture, 
to impose our will, even with the best of inten
tions, upon the Filipino rice–fish farming families? 
Maybe the nutritional plane of the family was not 
improved, but the farmer would tell you: ‘My par
ents were raised on rice, I was raised on rice, so 
why shouldn’t my children be raised on rice?’ It’s 
hard to argue with that.

I spent a few months spread out over a period of 
3 years or so in the Philippines at the site, which 
was located on land where Central Luzon State 
University (CLSU) had a research fish farm near the 
main campus. A colleague at Texas A&M, Jim Davis, 
who was a fisheries extension specialist, and I spent 
the first month of the project working with USAID 
and BFAR to get the project started (the site for the 
hatchery had been chosen and bulldozers were begin
ning to clear the vegetation to prepare the site for 
pond construction). In my second trip I spent 2 months 
at the site while the ponds were starting to take 
shape, and the hatchery and office buildings were 
under construction. Another couple of trips were of 
shorter duration and during the last one the ponds 
were beginning to produce, and only housing for 
the BFAR staff had yet to be built. Rice farmers 
were not interested in carp, so the facility was pro
ducing only tilapia. By that time Meryl Broussard 
(a former PhD student of mine) was advising on 
hatchery and pond production and Joe Lock was 
providing extension services (training rice–fish 
farmers, along with advising on hatchery and pond 
production). They were in place for about the last 
half of the 5year grant period.

In 1984, I left Texas A&M to take a position at 
Southern Illinois University (SIU) in Carbondale, 
Illinois. I had the opportunity to go to the University 
of Washington as Director of the School of Fisheries 
in 1985 after only 18 months at SIU. I returned to 
Texas A&M as Sea Grant Director and Professor of 
Oceanography in 1996. I had only been at A&M 
again for a few months when Jim Davis said he and 
I had been invited by the President of CLSU to see 

the project site. We had hoped that monthly pro
duction could ultimately reach 300,000 finger
lings, but learned that the production had steadily 
increased over the years to well beyond that num
ber. Incredibly, of the group of young BFAR exten
sion workers that we had selected and trained, nine 
had relatively shortterm stints at Texas A&M for 
training in extension and four pursued MSc degrees. 
Nearly all the trainees and others we had worked 
with years earlier were still actively producing and 
delivering fingerling tilapia to the rice–fish farmers. 
I was very proud of the success achieved by the 
programme and proud of everyone who had been 
involved.

Changing Consumer Preferences

In the developed nations, many consumers are 
becoming increasingly aware of environmental 
issues associated with the production of their food 
supply, and this awareness often focuses on aqua
cultured species. Yet, as we have seen, there are a 
number of concerns that have been expressed by 
various groups who often get the ear of the media. 
Convinced that pond construction is defiling the 
environment, effluents are polluting every water
body in sight and cultured aquatic species are 
inferior to wild ones, there are those who would 
just outlaw aquaculture, or if that did not work, 
would rather see it develop in another country 
than theirs. Upland indoor culture might be accept
able in recirculating systems, and even marine 
culture might be acceptable so long as it is far 
enough away to be out of sight from land. The 
mantra is: ‘Put them anywhere, but not here!’ That 
is the Not In My Back Yard (NIMBY) phenome
non. Yet, as we have seen, global aquaculture con
tinues to grow, as does per capita seafood 
consumption in many developed, as well as devel
oping, countries. So, there is a dichotomy among 
consumers. Some, and I believe they are the minor
ity, are totally opposed to aquaculture, while most 
people are ambivalent or proponents. For the 
majority, being able to find goodquality seafood 
at reasonable prices and in the types of commodi
ties they prefer trump other factors. That is why 
the demand for cultured shrimp and salmon con
tinues to grow. The wild product just cannot sat
isfy the demand.

It is a little frustrating that many influential chefs 
have bought in to the idea that cultured salmon are 
inferior. In the USA, cooking shows on television 
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have become addictive to many people who enjoy 
cooking – and that is both males and females. I do 
not personally watch those shows, but my wife 
does, and a few times when I have walked through 
the room where she is watching some big name 
chef, I have heard things like this: ‘Make sure you 
purchase wild salmon. You don’t want to eat that 
disgusting cultured salmon that has no flavour and 
is raised under feedlot conditions.’ As you have 
seen, when a group of seafood chefs and seafood 
writers had the opportunity to compare cultured 
and wild salmon in blind appearance and taste 
tests, they cannot tell the difference. If they can’t 
then it is unlikely the typical consumer can either. 
The taste testing that day included a blind tasting 
of three shrimp from different sources: wild shrimp 
from the Gulf of Mexico, cultured shrimp from the 
US and imported cultured shrimp. Those involved 
could not distinguish the wild from the US cultured 
shrimp, but the imported cultured shrimp appar
ently had been in the freezer too long as it was 
considered to be less desirable.

While a relatively small percentage of people 
shop only for organically grown foods, a much 
larger portion of the population do purchase 
organic foods at least part of the time. They may 
not be looking for the word ‘organic’ on the label, 
but they in all likelihood have tried a particular 
product not caring one way or another and decided 
that they preferred it, so they buy it again. In any 
case, the trend towards organic is growing, and the 
aquaculture industry is responding by attempting 
to develop production methods that provide prod
ucts that can be certified as organic. It is difficult, 
though, to gain organic certification, because of 
nonorganic ingredients in aquaculture feeds. That 
is changing, however, as culturists interested in the 
organic niche food market have turned to ingredi
ents that can be certified organic. Once a facility is 
certified, a higher price can be demanded for the 
product (Box 1.10).

One more thing about consumer preference is a 
growing trend, at least in the USA, and probably 
also in many other countries, to purchase locally 
grown food. Of course in many parts of developing 
countries all or nearly all of the food available is 
locally produced and often purchased on a daily 
basis because the people often do not have refrig
erators or even electricity. By locally, I do not mean 
grown in a particular country, but truly locally – 
within several kilometres of where it is marketed. 
Fruit and vegetable stands with locally grown 
products; farmers’ markets; and, increasingly, the 
sale of locally cultured or captured seafood is a 
growth industry in at least some developed nations 
or parts thereof. The buyer often knows the seller 
personally, the products have not had to travel 
hundreds or thousands of kilometres to reach the 
market, and there is little question that the foods 
are fresh. That trend will probably continue to 
grow and may provide some unique niche market 
opportunities for aquaculturists to fill.

Regulation

Discussing aquaculture regulations in a general 
fashion is difficult because the regulatory situation 
both within and among the nations that have active 
aquaculture programmes tends to be extremely 
complex. While aquaculture is practised in some 
nations virtually without government regulation, 
others have adopted national regulations, state or 
provincial regulations and even local regulations. 
A good way to determine what regulations are in 
place is to go to the Internet and conduct a search 
for aquaculture regulation or aquaculture policy 
and specify the nation or region of interest. As a 
general statement, the regulatory environment with 
respect to aquaculture is similar in, at a minimum, 
the EU, Australia, the USA and Canada. I stress the 
word similar, because there are many differences 
among them.

Box 1.10.

How one defines organic with respect to aquaculture varies. I have yet to see an inorganic live fish, but that is 
just me I guess. In any case, there seems to be a controversy brewing with respect to whether a cultured species 
can be labelled organic if it is fed fishmeal. It seems to me that it would be difficult to say that fishmeal is inorganic, 
but since its use is controversial, purists must believe that fishmeal cannot carry that label; thus, they conclude 
that cultured species that are fed diets with fishmeal in them should not be considered organic.
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Sometimes it is surprising how much informa
tion is available. I did an Internet search for aqua-
culture regulation and Norway to see what I could 
come up with. High on the list of websites that I 
was provided through the search engine was one 
entitled ‘Summary Table: World Aquaculture 
Regulations’. That looked potentially interesting, 
so I clicked on it and was taken to www.agf.gov.
bc.ca/fisheries/Finfish/cabinet/Summary_Table_
BCWorld_Aqua_Regs.pdf, where I found a table 
that compared regulations on cultured salmon 
escape prevention, siting, fish health and waste 
management for the provinces of British Columbia, 
Nova Scotia, Newfoundland and New Brunswick, 
Canada; the countries of Norway, Chile and 
Scotland; and the states of Washington and Maine, 
USA. At least Norway was on the list. The compari
sons are interesting in that there is a good deal of 
inconsistency, not only among countries but among 
the Canadian provinces and between the two states 
in the USA that were listed.

Permits to operate aquaculture facilities may or 
may not be required. Depending on where the 
aquaculturist is in the world and what the aquacul
turist plans to do, getting a permit may be as simple 
as filling out a form and paying a small fee. In other 
cases, it may be far more difficult. The prospective 
aquaculturist may have to visit several different 
agency offices at various levels of government. At 
one time, to obtain a permit in California, USA, the 
applicant was required to contact 25 different 
offices. The process was simplified as the industry 
grew, but is illustrative of how convoluted the situ
ation can be. In any case, once the applicant has 
determined the steps in the process, it may be nec
essary to obtain and fill out complicated forms, and 
to collect environmental data in support of the 
application at the proposed site. The environmental 
data would be used for the development of an envi
ronmental impact statement (EIS), which would be 
reviewed by one or more agencies; and there may 
be a request for additional information and revi
sion. The EIS may also be made available for public 
comment, which would have to be responded to. 
One or more public hearings may be held, at which 
opponents often show up in force while the only 
proponent who attends is, more often than not, the 
applicant. All this can take months, and in some 
cases, years. If the permit is finally granted, the 
applicant may have to pay a significant amount of 
money for it, and possibly pay a lease fee in order 

to utilize the proposed site if it involves the use of 
public waters. Once the facility is established, it 
may be necessary to continuously monitor the envi
ronment and report on a regular basis to the 
responsible regulatory agency, which can shut 
down the facility if it goes out of compliance. There 
is also the possibility that, after the expenditure of 
large amounts of time and money, the permit appli
cation will ultimately be denied. There have been 
cases where a permit has finally been granted but 
the applicant had gone through all available finan
cial resources and could not afford to activate the 
permit.

The two scenarios in the preceding paragraph 
represent the possible range of what might be 
involved in obtaining a permit in places where 
permits are required. Is it any wonder that many 
aquaculturists from developed countries establish 
facilities in nations that have either no permit 
system – the come one, come all and do your thing 
approach – or have a very simple regulatory system 
in place? That said, I should also add that obtaining 
permits, if any are required, is usually a simpler pro
cess in conjunction with pond facilities and recircu
lating systems and in conjunction with freshwater 
than marine systems (unless the freshwater facility 
continuously discharges water into the environ
ment; e.g. trout raceway systems).

Developing countries in the tropics are major 
producers of aquaculture products and have 
attracted foreign investments for a number of rea
sons, not the least of which, as suggested, is often a 
lax regulatory environment. In some instances 
where regulations have been promulgated, enforce
ment has been weak to nonexistent. Some nations 
provide tax breaks to aquaculturists, and there has 
also been the lure of inexpensive land and labour in 
many developing countries. The situation with 
respect to government involvement appears to be 
changing in some countries, but the longheld belief 
that it is easier to establish an aquaculture facility 
in a developing country than a developed one con
tinues to prevail and is supported by the fact that 
much of the expansion of aquaculture continues to 
occur in developing nations.

The desire of opponents to employ the precau
tionary principle has already been mentioned. As 
has been stated and reiterated, aquaculture, like 
any human activity, will have a measurable effect 
on the environment at some level. The extent to 
which that effect is allowed to occur is the province 
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of the regulators. The number of parameters that 
the aquaculturist is required to measure should 
ensure that negative impacts on the environment 
can be detected early, but they should not be so 
numerous or so expensive to obtain that they 
become unreasonable, which can happen to the 
point that the project becomes economically unfea
sible. While it may be possible to identify any of the 
thousands of chemicals that might be found in a 
water sample and determine the level of each, to do 
so would cost exorbitant amounts of money. 
Thus, a few of the most important parameters 
should be selected; ones that are indicative of the 
health of the environment and can be measured 
easily, quickly and inexpensively. Certainly, a 
regulatory agency would be wise to have the 
aquaculturist routinely determine the levels of 
ammonia, nitrate, nitrite, phosphorus and dis
solved oxygen in the water. In terms of other 
parameters, current speed, character of the bot
tom and the fauna in association with the bottom 
might be recommended in cage and netpen cul
ture in lakes or the ocean. Temperature (in all 
systems) and salinity (in marine systems) should 
be routinely measured as well, because the cultur
ist will get useful information from those data 
that may not be related to what a regulatory 
agency requires. There certainly may be other 
appropriate items to add, depending on the par
ticular type of system and its location.

As important as routine monitoring and timely 
reporting of the results is the provision by the 
regulatory agency to allow aquaculturists to mod
ify their management activities as the situation 
changes. If a problem is detected, the culturist 
should be allowed to search for a way to amelio
rate that problem in a timely fashion, but the facil
ity should not be immediately shut down. That 
step should only be taken for flagrant or repetitive 
violations or when no way was found to reduce 
the environmental impact without making the 
facility uneconomical. Allowing the operator time 
to adjust and try one or more new approaches is 
called adaptive management. It is a trialanderror 
process that should eventually lead to the develop
ment of a series of BMP as a result of modifica
tions in operating procedures that ultimately will 
ensure that the facility stays within the range of 
values set for water quality and other parameters 
by the regulatory agency. Modifications in operat
ing procedures can be made very quickly, after 
which the results can be determined over relatively 

short periods of time, and then further modifica
tions can be made, if necessary. Compliance 
should be obtained within weeks, if not months, 
but it may take up to a few years to develop a 
final series of BMP. The adaptive management 
approach is fair to both the operator and the regu
lator, who should work cooperatively and not be 
adversaries. An entire book on BMPs for aquacul
ture is the one by Tucker and Hargreaves men
tioned in the ‘Additional Reading’ section at the 
end of this chapter.

Challenges to, and Opportunities for, 
Expansion

Globally, aquaculture expansion continues to 
occur, but there are local situations that present 
challenges to further expansion. Some of those 
have already been mentioned or alluded to in the 
preceding sections and are repeated in the bulleted 
items below.

It was once thought that moving marine finfish 
aquaculture away from the coast would reduce the 
complaints because coastal residents would not see 
the facilities from their residences, places of busi
ness or where they go to the beach for recreation 
and/or relaxation. But the opposition has, at least 
in some places, been as vocal about the mere idea 
of developing open ocean aquaculture as it was in 
response to aquaculture development in protected 
coastal waters. The opponents to aquaculture 
development target specific regions and practices, 
and they often have different goals. Those range 
from the laudable one of getting rogue aquacultur
ists to clean up their acts and move to sustainabil
ity to just trying to shut down aquaculture 
operations without regard to whether or not they 
are sustainable.

In general, we can anticipate that opposition to 
aquaculture will continue, though there seems to be 
some progress away from total condemnation, par
ticularly by various environmental groups that are 
now developing codes of conduct, lists of BMP and 
trying to help find solutions to some of the issues 
rather than ignoring the efforts by the aquaculture 
community to address those issues. Thus, while 
new issues are likely to arise in the future, more 
reason is being interjected into the discussion. As 
that happens and compromises are reached, both 
sides can feel that they have achieved something 
positive.
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Some specific challenges for aquaculture expan
sion are the following:

	● Finding areas for warmwater marine shrimp 
pond farms that do not encroach on mangrove 
or other sensitive habitats.

	● Finding coastal areas for upland aquaculture 
facilities in developed nations where land prices 
do not doom the activity from the onset.

	● Overcoming disease issues that cause significant 
problems and aquaculture crop losses, such as 
have occurred on shrimp farms in Ecuador and 
Atlantic salmon farms in Chile and elsewhere. 
The problems have meant closing facilities for 
some length of time and restructuring the indus
tries and how the farms are managed. Properly 
accomplished, the industries can return to a 
growth phase.

	● Continuing to operate at a profit in the face of 
high energy and feed costs.

	● Finding species that can be grown profitably in 
offshore waters where the logistical problems 
and facilities costs are much higher than for 
similar facilities in protected coastal waters.

	● Recovering from severe storms and earthquakes 
that have destroyed aquaculture facilities and 
supporting infrastructure.

	● Competing with lowerpriced imports such as 
has happened with marine shrimp and basa cat
fish in the USA.

	● Finding reliable supplies of highquality water 
and, in particular, freshwater in the face of 
increasing demands by industrial, agricultural 
and domestic users.

	● Developing nutritionally complete prepared 
feeds as the availability of fishmeal and fish oil 
for aquaculture feeds decreases or their prices 
increase to the extent that profit potential is 
eroded or eliminated.

We cannot question the fact that demand for 
seafood is not going to decrease, but will in fact 
continue to increase as the human population con
tinues to grow. The demand will also increase 
because per capita consumption is growing, fuelled 
in no small part because of the clearly demon
strated health benefits from consuming fish and 
other seafood items. As we have seen, capture fish
eries have basically levelled off (though there is 
some fluctuation) and cannot be expected to grow 
significantly in the future, even if some recovery of 
overfished populations occurs. The only way supply 

can expand to any degree is for aquaculture pro
duction to increase to meet the growing demand. 
The trick will be to have continued development 
that is sustainable.

Climate Change

This topic did not appear in earlier editions of this 
book, largely because it did not seem to be a major 
issue with respect to aquaculture. That situation 
has changed and current or potential impacts of 
climate change have become topics of interest.

A couple of decades ago scientists told us that we 
were entering a new Ice Age. Now the climate sci
entists tell us we are in a warming period and the 
reason can be directly attributed to human activi
ties, particularly increased levels of carbon dioxide 
in the atmosphere. A cynic might say that the cli
mate scientists have a stake in taking the position 
that human activities are responsible. They depend 
upon such results of their research to provide them 
with a consistent supply of funds to support that 
research. At the same time, there is little doubt that 
some human activities have had measurable 
impacts on the environment. One example is ocean 
acidification with the resulting dissolution of cal
cium carbonate on coral reefs and mollusc shells in 
the marine environment. Another is progress 
towards closing the ozone hole, following discon
tinuation of the use of chlorofluorocarbons.

There is, in my opinion, no question that climate 
changes, and has changed measurably over hun
dreds of millions of years according to the geologi
cal and fossil records. How much of recent climate 
change can be attributed to human activity seems to 
me to be an open question. Some years have been 
warmer than average, some have been cooler or 
closer to the longterm average. It is interesting that 
global warming is blamed both on years when the 
average temperature is higher than normal and on 
those in which average temperature is lower than 
normal. Major winter storms that create much 
cooler than normal average temperatures have also 
been linked to global warming. Climate scientists 
explain this is normal and expected, but the argu
ment is difficult to sell as it seems illogical.

As indicated, climate changes. Where it is headed 
in the near future appears to be towards a warmer 
planet. International conventions on climate change 
have led to promises by various nations to put large 
amounts of money towards reducing chemical 
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emissions that may be associated with affecting 
climate change. In some cases, those reductions 
may or may not be initiated in the next few decades 
by some of the countries that are the greatest emit
ters of carbon dioxide and other chemicals that are 
said to be involved in global warming. I am 
reminded of a question posed by a colleague of 
mine at the University of Washington back in the 
1980s: ‘If you spend several trillion dollars on a 
problem over a period of 30 years and nothing 
happens, did you solve the problem?’ As nations 
begin putting billions of dollars or other currencies 
into reducing emissions, there will be a massive 
experiment to determine if the problem can be 
addressed to any extent. Without a control planet 
to compare results of the experiment, we may never 
know if we ‘solve the problem’.

While there appears to be a considerable amount 
of opinion on how climate change will affect aqua
culture, there seems to be a lack of empirical evi
dence. Most of the research to date on the impact of 
climate change on fisheries and aquaculture has 
focused on fisheries. There is anecdotal evidence on 
the effects of climate change on aquaculture, which 
may or may not be reliable, but it is not difficult to 
speculate on what some of those effects might be in 
the future. Warmwater species could be cultured in 
regions where they could not formerly be cultured 
successfully in freshwater ponds and the marine 
environment. Coldwater species could be extirpated 
in areas where they now flourish in aquaculture 
facilities that employ surface water supplies. The 
ability to culture midrange species with respect to 
temperature could be moved either north or south. 
Sea level rise could be expected to inundate many 
coastal aquaculture facilities. The economic impacts 
on having to abandon facilities and find new loca
tions to reestablish them would be considerable; 
potentially devastating to many producers. Since 
climate change is a slow process, the impacts will be 
expected to creep up on the aquaculture industries 
that are susceptible to water temperature change.

If worstcase scenario projections of sea level rise 
between now and 2100 are correct, or even close, 
many of the world’s major cities will be flooded to 
the extent that all or major portions of them 
become inundated. Protecting them by constructing 
dikes or seawalls would be an extraordinary 
expense, adding another layer onto the costs of 
reducing carbon and other emissions considered to 
influence global climate change. Further, some 

island nations, for example in the South Pacific, are 
currently being impacted by sea level rise and there 
is talk of moving some populations to continental 
areas. Climate scientists have predicted increasing 
numbers of severe storms, such as the hurricane that 
hit Indonesia in 2004. El Niño events can also be 
seen as being associated with climate change. The 
impacts of the 2015/16 El Niño on the coastline of 
the US state of California is an example, as is record 
flooding along much of the Gulf of Mexico coast 
and further inland in the USA in March 2016.

If the most pessimistic sea rise models are cor
rect, or even if they are only partially correct, the 
impact on coastal communities and economies will 
be enormous. One can only wonder how much 
attention would be made to accommodate aquacul
ture if the projected chaos associated with sea level 
rise to predicted levels actually occurs.

We currently live in interesting and challenging 
times. The future may be even more interesting and 
challenging, particularly because we can’t really tell 
what Mother Nature will do in the future. We can 
only speculate, and we’re usually wrong. At this 
point, it does not appear that climate change is a 
major concern of the aquaculture industry, as both 
the marine and freshwater sectors continue to grow 
at impressive rates. However, that could certainly 
change.

Summary

Aquaculture is the rearing of aquatic species under 
controlled or semicontrolled conditions and is 
equivalent to underwater agriculture. It involves a 
wide variety of species from various trophic levels 
that are produced for a variety of uses. Included are 
organisms grown for human consumption, as food 
for other species, for the ornamental trade, for bait, 
for stocking recreational fisheries, for enhancement 
of commercial fisheries, for their use in biomedical 
research or for their value as nutritional supple
ments or pharmaceutical products. Currently, there 
are well over 200 species being produced by or of 
interest to aquaculturists for human consumption, 
with many more being produced for the ornamental 
fish trade. If one adds in ornamental invertebrates 
the list becomes much longer. For such species as 
shrimp and marine finfish with very small eggs (the 
majority), the aquaculturist may have to produce 
algae to feed zooplankton that are used to feed the 
early life stages of the target species.
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The annual catch from the world’s capture fisher
ies peaked in the 1990s and has been fairly level ever 
since. As human population expands and per capita 
consumption of seafood grows around the world, 
the only way that demand can be met is through 
aquaculture. So far, aquaculture expansion has done 
a fairly good job of keeping up, but whether that can 
continue indefinitely is a major issue. There is an 
increasing movement towards making aquaculture 
sustainable. That term has a number of definitions, 
but basically sustainability involves the judicious use 
of natural resources and minimizing impact on the 
environment in the pursuit of an activity – in this 
case aquaculture production. A major challenge to 
future aquaculture development will be sustainable 
industry expansion. Sustainability also implies social 
justice. In addition, aquaculture products need to be 
healthful and nutritious.

There are many opponents of aquaculture devel
opment and there is a variety of reasons for their 
opposition. Many issues that have been raised have 
merit, while some do not. Aquaculturists have been 
trying to address the real issues raised by opponents 
since at least the 1980s and, though significant pro
gress has been made, more needs to be done.

While there are many challenges to continued 
aquaculture development, demand will continue to 
increase for aquacultured food products that are 
nutritious and delicious. There will also be increased 
demand for ornamentals, bait and the many other 
products that come from or will be developed through 
aquaculture.

Global climate change has become a concern 
with respect to potential impacts on aquaculture. 
Those impacts remain to be determined, but climate 
change models that predict water acidification, sea 
level rise and increasing water temperatures are of 
concern. The climate changes and has changed over 
eons. In which direction it will change is considered 
to be settled science by some, but is still highly 
speculative by others. Only time will tell.
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