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SUMMARY
Fish are more efficient in feed conversion than many species of farm
animals and provide low-fat, high-quality protein at a relatively low cost for
human and animal consumption. Global oceanic pollution and overfishing pose a
serious threat to marine food resources just when demand for fish products is
rising. Genetic improvement of aquatic species is still in its infancy but is
rapidly expanding. Advances in genetic engineering are expected to
significantly improve genetic resistance to disease and tolerance to extreme
environmental conditions and to develop new species of aquarium and sport
fishes. Clever polyculture also can increase productivity and profitability.
Management techniques have improved significantly, and the changes have been
adapted by some growers. Investments in aquaculture are expected to remain
attractive and support expansion of the aquaculture industry.
INTRODUCTION
From a historical perspective, controlled cultivation and harvest of
aquatic species (aquaculture) in the United States is in its infancy as
compared to many other countries. The art has been practiced here during the
first half of this century as compared to over 4000 years in China. Only in
the last half of this century has aquacultural development accelerated in the
United States. Aquaculture farms in China are still producing more fish than
are farms in any other nation, and more fish each year than Americans get from
the sea.
My objectives in this paper are to briefly describe the present status
and potential of aquaculture research and to incorporate economic factors into
the objectives of research practices. In view of the large number of species
involved, no attempt will be made to review or even summarize the results for
each individual species. Also, because of lack of necessary data, a detailed
economic analysis will not be presented for the cost of the research, economic
return, or any other information necessary to develop aquaculture at an
optimum rate. This report will, however, provide an overview of the ideas and
directions that mark the economic importance of aquaculture research
objectives. Attention will also be focused on past accomplishments, future
developments, and research needed to make aquaculture an economically viable
industry.
BIOLOGY
Water covers two-thirds of the earth's surface and provides a livable
home for aquatic species. It was in water where fish, the ancestors of all
vertebrates, began evolving more than 400 million years ago. Many fish have
changed little from their primitive ancestors; yet others have evolved complex
and intricate modes of feeding, caring for their young, requirements for
spawning, etc. For example, channel catfish produce tightly bound egg masses,

363

and the male guards both eggs and fry. Tilapia deposit eggs in nests or brood
them in their mouths, while striped bass release millions of small eggs into
the water and provide no parental care. Benthic fish live on the bottom and
expend little energy for swimming; pelagic fish live in open water and swim
almost constantly. Shiners and white bass travel in schools with hundreds of
their own kind, some fish intermingle with other species, and striped bass are
most often solitary.
Mosquito fish which consume large numbers of mosquito larvae are live
bearers and produce far fewer young than do fish that lay thousands or even
millions of eggs. Catfish and carp live in fresh water, Atlantic salmon and
perch in salt water, and some in both (salmon and trout hatch in fresh water,
mature in the ocean, and return to the same fresh water to spawn). Mullet,
milkfish, and eels live in brackish water, but all three species can adapt to
fresh water. Common carp, catfish, and tilapia prefer warm water while muskie
and rainbow trout prefer cold. Channel catfish thrive in 27-32C water whereas
rainbow trout prefer water at 7-13C. Fish do not waste energy to stay warm,
so they are very efficient food converters. The cost of producing one ton of
protein from fish is estimated to be half the cost of producing the same
amount from beef and one third of that from pork.
Fish normally thrive without human help, and many species are very
difficult to maintain in captivity. Others have tolerated alterations to
their natural habitat and have remarkably adapted to modified environments.
Their living environment has occasionally been modified very severely and even
stocked with non-native competitors that endanger the original inhabitants.
Now, preservation under artificial conditions, the only means by which they
can survive, has become a real challenge to all of us. Will our ingenuity,
goodwill, intelligence, and sense of responsibility allow us to let the
species that have survived the age of cold, the age of reptiles, several ice
ages, also survive the age of technology or disappear forever? If the genetic
information of certain aquatic species is lost or destroyed, the opportunity
to improve a species by genetic manipulation will also be lost forever.
Biologists are just beginning to understand the underwater world which,
to many of us, is just as mysterious as other planets. Intensified team
efforts will be needed to meet the increasing demand for research and
technology in all aspects of biology as it relates to aquatic organisms.
Discovery of techniques to spawn fish in captivity with injections of hormones
should be regarded as one of the major biological breakthroughs with
significant economic impact. Aquacultural output soared with this discovery
in many parts of the world, especially in China, where an estimated 25% of the
fish used as food are produced and reared on a farm. Finding a way to induce
artificial spawning of fish in hatchery ponds also helped to preserve some
species from extinction (e.g. paddle fish in the U.S.). Another finding of
biological significance is the unraveling of nature's great mystery concerning
how salmon and trout find their way thousands of miles to return to spawn in
the same location where their lives began. Scientists have now begun to use
this discovery to our economic advantage in artificial culture and subsequent
ocean ranching of these species.
AQUACULTURE GROWTH
Fish products, in general, provide low-fat, high-quality protein at a
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relatively low cost for the American diet. According to a report by the U.S.
Department of Agriculture's Economic Research Service, the per capita
consumption of fish products increased from 4.8 kg in 1964 to 6.1 kg in 1978
to 6.5 kg in 1984 and is expected to further increase to 7.1 kg in 1985.
These values are still relatively low when compared to the per capita
consumption in 1964 of 69.5 kg of red meat and 17.6 kg of poultry. The per
capita consumption of red meat and poultry further increased to 70.9 and 25.5
kg in 1978, 69.8 and 30.6 kg in 1984, and 68.2 and 31.8 kg in 1985,
respectively. These records indicate that since 1964, fish and poultry
consumption in the United States has increased by 48 and 81%, respectively,
and because of the growing concern about health and fitness, the upward trend
is expected to continue. The Food and Agriculture Organization (FAO) of the
United Nations has predicted that by the year 2000 the world demand for fish
products will increase to 110 million metric tons (MT) per year as compared
with the 1984 consumption of 50 million MT (an increase of 120%). The current
world fish catch is estimated to be 75 million MT.
Stocks of ocean fish, once viewed as an inexhaustible source of
protein-rich food for a hungry world, are now estimated to be limited to a
maximum harvest of 130 million MT/year. The total world catch currently
exceeds 75 million MT annually, which constitutes 58% of the maximum capacity.
Overfishing and pollution of natural waters are now, however, global in scale,
and without intelligent husbandry the presently troubled ocean fisheries will
be in greater jeopardy. The natural limits to the yields of many stocks have
been reached and some are already believed to be fished beyond that level.
The ocean and natural waters which produce over 90% of present aquaculture
products are running out of fish just when demand for high-protein low-calorie
food is rising.
Worldwide expansion of the culture of aquatic organisms under managed
conditions seems to be the best remedy when natural fish resources are being
exploited to their limits. World production of aquaculture products increased
by 42% from 1975 to 1982 and is expected to reach nearly 7-fold of the 1975
level by the year 2000. About 70% of world aquaculture products are currently
used for human consumption. The remaining 30% is being converted into animal
feed. Overall, fish products represent 6% of the world supply of protein and
approximately 24% of animal protein.
PROSPECTS FOR WORLD AQUACULTURE
According to an FAO estimate, there will be a growing gap between supply
and demand for aquaculture products which will reach 20 million MT by the year
2000. If true, the strong demand will contribute to price increases and will
stimulate aquaculture expansion during the remaining years of this century.
The growth, however, will also depend on production costs, technology
advancements, resource availability, and better disease control. There are
many success stories documented which indicate that expectations regarding
future output of world aquaculture products have probably not been overstated.
Only a few will be cited here.
A dramatic example of aquaculture success is Norway's production of
farmed salmon (Salmo salar). Norway produced 171 MT of salmon and trout in
1973; today Norway's salmon production is at 25,000 MT with an estimated sale
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value of over $100 million. The salmon industry in Norway underwent a major
expansion between 1977 and 1983 and currently employs more than 2000 people in
over 400 licensed farms. The production level also increased from about 2000
MT in 1977 to 15,500 MT in 1983 (about 74% of the world's production of 21,000
MT). The industry's success in Norway is based on the use of the most
advanced technologies available in salmon production (sea-cage farming) and
the development of export markets. U.S. aquaculture forecasters have
predicted that world output of pen-farmed salmon may exceed 100,000 MT in
1990, with Norwegian production accounting for 80% of the total.
According to an FA0 estimate, the world harvest of cultured shrimp was
about 5% of the world's total harvest of 1.7 million MT in 1983. The 1984
harvest was expected to show a slight increase over the 1983 level. Shrimp
production in Ecuador, however, has increased from 3,900 MT in 1979 to 12,100
MT in 1981 to 29,100 MT in 1983. The current level of production is estimated
to be slightly over 33,000 MT with an estimated 40,000 ha under cultivation.
A rapid expansion of the catfish industry has taken place in the United
States since 1969 (Table 1). The amount of farm-raised catfish processed in
the United States increased by 48-fold from 1969 (1,452 MT) to 1984 (69, 969
MT). Farmers' income from processed catfish during the same period increased
89-fold, from $1.2 million in 1969 to $106.9 million in 1984. The 1984
processed catfish was a 12.4% improvement over the 1983 processed harvest but
more than 2.5 times that of 1981. It should be pointed out that over 100,000
MT of catfish were produced in the United States in 1983, nearly three times
the production of 34,800 MT in 1980.
Reports of increased harvest for shrimp production in Taiwan, Japan,
Panama, and Peru; trout production in Norway, Finland, Denmark, United
Kingdom, and Spain; crawfish production in the United States; etc. all
indicate the potential for worldwide growth of the aquafood industry. Because
of the lack of comprehensive and reliable aquaculture production statistics,
it is not possible to produce an accurate analysis of trends and estimates of
future worldwide rates of growth. What is known, however, is that fish
farmers throughout the world are not receiving and applying the knowledge that
is available. There are over 200 fish species with commercial potential
throughout the world, but studies of genetic improvement of nutritional
requirements have not been conducted for more than 20 species.
According to the FA0 estimate, the world output of aquaculture products
nearly doubled to 6.1 million MT during 1974-1979 which accounted for about
10% of the total world fish production (61 million MT). The world fish catch
in 1982 increased to 68 million MT with aquaculture production (9.5 million
MT) accounting for 14% of the total catch. Aquaculture forecasters have
predicted world production to increase 3-5 times this amount by the year 2000.
The U.S. production of 90,000 MT (about 2% of total fish products), however,
remained practically unchanged during this period but was increased to 1.5
million MT in 1982. Of this amount, 179,500 MT or about 12% was produced by
aquaculture. In nearly all cases, production increases have resulted from an
expansion of culture facilities and advances in modern technology and not from
the more efficient growth of aquatic species. Even in the United States
increased production has derived mostly from increased catfish and crawfish
acreage rather than higher yields per culture area.

366

Table 1.

Farm-raised catfish processed during 1969-1984 in the United States.
Live weight processed

Year
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984

'

Metric ton
1,452
2,604
5,106
8,315
8,950
7,686
7,321
8,608
10,035
13,689
18,432
21,076
27,274
45,086
62,256
69,969

% chanqe
___

79.3
96.1
62.8
7.6
-14.1
-4.7
17.6
16.6
36.4
34.6
14.3
29.4
65.3
38.1
12.4

Average
price per
metric ton
$

825
855
712
732
972
1,014
1,082
1,162
1,279
1,202
1,351
1,490
1,402
1,213
1,345
1,528

Source: National Marine Fisheries Service (Ref.:
Percent increase compared to the previous year.

Total value
$ million
1.2
2.2
3.6
6.1
8.7
7.8
7.9
10.0
12.8
16.4
24.9
31.4
38.2
54.7
83.7
106.9

% chanqe
- -

83.3
63.6
69.4
42.6
-10.3
1.3
26.6
28.0
28.1
51.8
26.1
21.7
43.2
53.0
27.7

Aquaculture Magazine).

The United States has many natural resources, including abundant soil and
water (an estimated 20% of the world's fisheries resources) and the scientific
and technological means to support a more expanded aquaculture industry.
Expansion of the aquaculture industry in the United States, however, has not
been as rapid as expected. In 1978, about 60% of the aquaculture products
consumed in the United States was imported, resulting in a $2.6 billion trade
deficit. In 1984, the U.S. fish industry imported $4.3 billion fish products
as compared to an export of $1 billion, a trade deficit of nearly $3.3 billion
(Hed, 1985). Since the United States has suffered a 35-year-long trade
deficit in fish and fish products, it appears prudent for the country to
strengthen its efforts to rapidly develop aquaculture and to penetrate foreign
markets. A more detailed description of fish culture in the United States has
been reported by Lovell (1979).
POLYCULTURE
The simultaneous cultivation of two or more species in a single
environment can be an efficient form of aquaculture. For over 3000 years,
different kinds of fish (mainly from the carp family) have been raised
together in China in the same pond, each living on a different diet at a
different depth. Grass carp, living in the upper water level of the pond,
consume the bank's vegetation to produce organic wastes that nourish plankton.
Silver carp and bighead carp feed on plankton in the water. Organic wastes
from fish settle to the bottom as feed for mollusks, which in turn are
consumed by black carp and mud carp. This polyculture system of aquafarming
seems to be both efficient and in harmony with nature.
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Polyculture of finfish and mussels in Europe; carp, tilapia, and duck in
Israel; catfish and tilapia, and crawfish and rice in the United States are
other examples. Polyculture of two or more species may be profitable in one
country or situation but not necessarily possible elsewhere. Clever
polyculture can increase production and profitability and alleviate some of
the pollution problems associated with keeping fish under captive conditions.
The need for innovative research in this area is great worldwide, and both
experimental species and the aquaculture industry may benefit from the
results. The basic principle of polyculture is that each fish has a unique
and useful place in the ecosystem.
WILD FISH
In contrast to other animal industries, aquaculture is an industry in
which cultured aquatic species are in direct market competition with the wild
members of the same species. Research reports, however, indicate that the
domestic strains of several aquatic species are superior in growth to both
wild and first generation crosses of wild X domestic strains (Burnside and
Avault, 1975; Gall, 1969; Bondari, 1984). Moav e t a l .
(1978) proposed a plan
consisting of wild X domestic crossing to genetically improve commercially
exploited wild fish populations.
Unlike birds and mammals, many fish species continue to grow in the wild
as long as they live. Record specimens of sturgeon, North America's largest
freshwater species, have weighed over 800 kg and measured more than 4 m. Such
large sturgeon may have been living along a lake or a river bottom for nearly
a century. Aquaculture products from wild fish are primitive and unimproved
when compared with plants or animal products being currently marketed (Parker,
1984). Extensive research is needed to improve the efficiency of growth and
food utilization of wild fish populations as well as the quality of fish
products. This is especially important to fish growers since future expansion
of aquaculture industry will depend on marketing stock with superior genetic
traits to meet the consumer's demands.
GENETIC IMPROVEMENT
An overview of the application of genetics to the breeding and management
of aquatic organisms has been presented by Wilkins (1981). A thorough review
of recent developments of all the major aspects of genetics applied to
aquaculture has also been reported by Wilkins and Gosling (1983). Reviews of
research findings relevant to the genetic improvement of commercially farmed
fish and shellfish have been presented by several authors including Gjedrem
(1983) and Kinghorn (1983). These reviews indicate that scientific reports
dealing with the rapidly expanding field of aquacultural genetics have
continued to increase enormously within the past 10 years. Compared to other
animal and plant species, however, aquaculture genetics is in an infant stage
and has been mostly restricted to a few commercially important species (e.q.,
catfish, salmon, trout, tilapia).
Results obtained from only a few generations of selection (Kincaid e t
1977; Gjedrem and Skjervold, 1978; Newkirk, 1980; Bondari, 1983a; Bondari
e t a l . , 1983c; Dunham and Smitherman, 1983) indicate a considerable potential
for genetic improvement of commercially important aquatic species. Results of
a mass selection study with common carp, however, showed a lack of response
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for the high growth rate (Wohlfarth, 1983). Research on selective breeding of
aquatic species is very limited and in many cases requires a significant
amount and long term commitment of resources. The fecundity rate is very high
but the generation interval is also very long for some species (e.g. 3 years
for catfish and 5 years for carp). The sex of individual fish of many species
cannot be readily determined and mandates that full-sib families must be kept
separate from one another prior to the time mature fish are selected as brood
fish. The economic incentive for genetic improvement of growth rate based on
the few studies thus far conducted, however, is strong enough to demand
further research.
The presence of genotype X environment interaction is indicated by an
inconsistent relative performance of different genotypes in different
environments. This idea was utilized in an attempt to determine genetic
diversity between: (1) inbred and randombred catfish (Bondari, 1981), (2)
domestic and domestic X wild crosses of catfish (Bondari, 1983b), and (3)
albino and normal catfish (Bondari, 1984b) grown in different water
temperatures. The basic hypothesis tested in these studies was that channel
catfish produced by crossing such diverse genotypes may respond differently to
varied water temperatures. These studies show the scope of possible
manipulations in environmental effects for selecting those genotypes of
commercial interest for different culture conditions. Advances have also been
made in strain comparisons, hybridization, sex reversal, ploidy manipulations,
inbreeding, gynogenesis, etc. but much more research in all these fields is
needed before any reliable conclusion concerning the economic impacts of these
research objectives could be determined.
BIOTECHNOLOGY
Animal and plant geneticists have successfully manipulated
chromosomal-gene structures through genetic selection within a species. The
use of recombinant DNA technology, however, is radically different and can be
used to improve growth performance, reproduction, and disease resistance.
Scientists have been able to remove small segments of genetic material from
the chromosomes of plants or animals and graft them into self-replicating DNA
from bacteria and viruses. This process, called gene splicing or recombinant
DNA technology, simply involves the cutting and recombining of DNA from
different organisms and is an integral part of biotechnology. The recombinant
or altered DNA can then be introduced into a living system such as bacteria or
yeast cells to grow and mass produce immense numbers of copies of the original
fragment of the new DNA structure (gene cloning) which can be recovered. In
concept, the technique which is basic to much of the progress made in
biotechnology, is very simple but in practice it is complex. Adding to its
complexity is our lack of knowledge concerning the potential ecological
hazards of genetically engineered organisms as compared to those produced by
conventional technology.
Great progress has been made by employing genetic engineering techniques
with bacteria or yeasts (e.g. production of human insulin, interferons, growth
hormones, and industrial fermentation), but it will be many more years before
these techniques can be successfully applied to breeding superior fish
species. No doubt genetic engineering techniques have great potential to
improve future breeding programs, but still there is much that remains to be
done, and can be done, to further improve growth, reproduction, feed
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efficiency, disease resistance, and tolerance to environmental extremes by
employing conventional animal breeding methods. Attempts to establish genetic
engineering as a practical facet of fish breeding are complicated by the fact
that genes for most economically important traits of aquatic species have not
yet been identified. The transfer of single gene traits is now technically
feasible, but most economic traits are polygenic in nature and are most likely
to result from the interaction of many different genes of unknown identity
which makes them difficult to exploit. Scientists can insert a gene of
unknown function into a bacterium by the gene splicing technique and precisely
determine its function. Further advancement in this area will enable
researchers to speed up the formidable task of identifying, locating, and
analyzing every one of the hundreds of genes affecting economic traits of
aquatic organisms. Once genes necessary for valuable fish traits have been
identified, new approaches and practical applications will naturally evolve.
Besides the obvious value of food production, advances in fish
biotechnology will contribute to developing new species of ornamental fish for
aquarium and sports fishing. Resistance to disease, however, may see the most
rapid success through gene transformation technology. A single new gene or
only a small number of genes may be all that might be required to enhance
resistance in some cases. Stress tolerance or temperature and salt tolerances
might follow the same pattern. Treatment and utilization of processed waste
from fish and shellfish could also be explored through advances in
biotechnology. It is too early to assess which biotechnological applications
will produce the greatest returns since knowledge of basic biological
mechanisms of aquatic organisms has not kept pace with advances in
biotechnology.
Before practical applications can be routinely expected, basic research
is required in almost all areas of fish molecular biology. It would be a
mistake to assume that developing disease resistant strains of fish through
genetic engineering techniques would be a permanent solution to disease
prevention. Pathogens, for instance, are known to mutate to a new strain
capable of attacking the resistant host when faced with extinction. This
biological reality has provided a challenge to scientists in the past and will
continue to require research in the future. For now, it can only be concluded
that the potential for improvement of aquatic species through genetic
engineering seems vast and should receive much more attention by fish
breeders.
GENERAL DISCUSSION
Fish evolution has led to a tremendous variety of sizes, shapes, colors,
behaviors, and adaptation to environmental conditions. The domestication of
aquatic organisms, however, has appeared to be much more difficult than that
of terrestrial animals. Artificial aqua-farming involves a complex
interaction between technological and biological parameters related to proper
culture conditions, selection of superior strains, induced reproduction,
balanced diet, disease control, etc. Some fishes (milkfish and shrimp) will
not breed easily when farmed. Artificial rearing of lobsters is a difficult
task and may require individual rearing facilities to reduce losses from
cannibalism. Aquaculture is of necessity an intensive, high-density form of
animal culture. Growth and harvest yield of some species of fish (catfish)
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have been shown to depend on population density. Crowding is, however,
ecologically undesirable and creates a host of problems. Crowding stress
lowers the fish's natural resistance to diseases and pathogens since this is
nature's way of controlling over-population. These biological problems
illustrate the need for scientific research to preserve and reproduce fish
under artificial conditions, to better control environmental conditions for
rearing and harvest, and to genetically manipulate them for improved growth.
Because of the long-term commitment of resources, insufficient number of
trained scientists, inadequate support and marketing strategy by the industry,
etc., fish genetics research is very limited but has the potential for
significant growth. Experts in breeding and genetics of aquatic organisms are
faced with a difficult task of convincing private and public sectors that
economic return of their genetic programs is significantly greater than the
cost involved. These researchers need to demonstrate how genetic improvement
of aquatic species may benefit the various segments of industry or society.
They need to document the important contributions of genetic research in: (1)
bringing stability and prosperity to the troubled agricultural economy and (2)
helping to resolve the world's ever-growing demands for high-quality animal
protein. Results obtained from genetic selection of several species,
especially catfish, and prediction of increased world demands for fish
products indicate that investment opportunities in aquaculture will remain
attractive.
The success of aquatic farming ventures depends largely on costs of
production, marketability of products, efficient use of resources, and the
degree of technical and managerial skill possessed by aquaculture operations.
Significantly improved management techniques have been developed and are being
adopted. Technological innovations have significantly advanced fish
transportation, feeding, grading, aeration, water quality, and fish
identification (Parker, 1984). Microprocessors and computers have aided
aquaculturists to improve design and operation of fish hatcheries, to better
monitor water quality, to control automatic feeders and determine feeding
rates, and to readily record and analyze data for managerial decisions.
Aquaculture is a labor-intensive industry, and the use of computers or other
technological devices to reduce the labor requirements is economically
desirable.
Balanced diets have been formulated for only a few cultured species
(e.g., catfish, salmon, and trout). A need exists to develop diets that meet
the specific nutritional requirements of each commercially important species
as they relate to size, sex, water temperature, and culture conditions.
Because of the difficulty in accurate measurement of feed consumption,
efficiency of feed utilization has received very little attention in selection
programs. In addition to genetic improvement and strain selection; nutrition,
handling and management, labor costs, culture conditions, and disease control
all need improvement to make the future aquaculture industry a more profitable
venture.
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