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17.1  General introduction (Cichlidae)

17.2 Tilapia (Oreochromis sp.) (~20 pages  8-9 500 words)
INTRODUCTION TO Tilapia Culture Chapter
Tilapia, native to Africa and the Middle East, are one of the world’s most important food fishes.   People living in the native range of tilapia have caught these fish in the wild for millennia. Tilapia is a common name that is now applied to several genera and species of fish that were formerly classified in the genus Tilapia, in the Family Cichlidae.  In the reclassification scheme developed by Trewavas (1983) the several hundred species of Tilapia were split into three genera, Oreochromis, Sarotherodon and some remained as Tilapia.  The Oreochromis are maternal mouthbrooders, the Sarotherodon are paternal mouthbrooders and the Tilapia are substrate spawners.  The species that are most commonly reared in aquaculture are in the genus Oreochromis.  These include the Nile tilapia, Oreochromis niloticus, the Mozambique tilapia, O. mossambicus, the blue tilapia, O. aureus, and O. urolepis hornorum, sometime called the Wami River tilapia.  These species will all readily hybridize in captivity.  There are now many strains of the parent species along with many hybrid strains available to growers.  These will be described in some detail later in the chapter. There are also several species in the genus Tilapia and the genus Sarotherodon that are of interest to aquaculture.  Tilapia, like the other cichlids, are of special interest to hobbyists and ecologists.  Tilapia in Africa have been intensively studied for the species clusters that have evolved in the Rift Lakes of East Africa.  Some lakes contain over one hundred species in a single genus.  Some of the tilapias native ranges extend up into Israel and Syria.  One of the common names for the fish is St. Peter’s fish.  This comes from the fact that two species of tilapia are native to lakes in Israel and are reputedly the fish that were caught by the Apostles and that Jesus used to feed the multitudes as recounted in the Bible. 

Domestication of the tilapias started in the 1950’s and 60’s with groups working in several countries (see the section on breeding programs and strains).  Tilapia have been important to aquaculture because of the ease with which they can be bred in captivity and the wide variety of water conditions in which the fish will grow.  Various strains can be grown in water varying in salinity from fresh water to full strength seawater (35 ppt).  They will grow in water ranging from acidic (pH of 5) to alkaline (pH of 9).  Tilapia can survive low dissolved oxygen (<2 mg/l) and high ammonia levels (50 mg/l) for longer periods than most other fish.  Consequently, they can be grown in densities greater than virtually any other kind of fish.  These characteristics make them ideal for aquaculture.

Another characteristic that facilitates selective breeding and domestication is their reproductive behavior.  The tilapias used in aquaculture are maternal mouthbrooders.  A female lays her eggs in a simple nest prepared by the male, the male fertilizes the eggs and then the female picks the eggs up and incubates them in her mouth.  Even after eggs hatch, fry will remain in the mother’s mouth.  Once the fry are free-swimming they will return to her mouth for protection.  Females can produce several hundred to several thousand young per spawn.  The high level of parental care allows breeders to quickly raise thousands of young for directed selection or for stocking into production units. Another advantage is that the adults become sexually mature in less than six months, when they are still a fraction of their potential size.  This is an additional advantage for selective breeding, allowing several generations to be produced in the time it takes other fish to reach maturity.   The drawback to this high potential for reproduction is that tilapia introduced to new (exotic) locations can quickly spread and impact native fish populations.  Likewise in production ponds without predators, tilapia can over-populate ending up with large numbers of small, stunted fish.  This can present a serious problem for aquaculturalists who are attempting to rear a large size fish for market.  Several methods are used to avoid over-population and stunting that will be reviewed in the section on production techniques.

Eggs of tilapia are relatively large and fry are hardy and omnivorous.  Fry readily feed on a variety of foods including periphyton and phytoplankton (attached and floating algae), zooplankton and powdered feed.  This allows the culturist to further manipulate spawning by removing the young from the female and raising them independent of the mother.  Removal of fry will encourage the female to begin eating again, she eats little while brooding, and be ready to spawn again in several weeks.  Sex of fry can be manipulated in several ways.  Undifferentiated sexual organs of juvenile tilapia can be induced to produce phenotypic all male or all female populations. Males grow more rapidly and crops of primarily males will avoid problems associated with unwanted spawning.  There are several methods and reasons for this “sex-reversal”, that will be covered in detail in the section on reproductive biology. 

Another reason that tilapia are prized as aquaculture species is because they are herbivorous or omnivorous, depending on the species.   In nature, tilapia receive all of their nutrition from algae, higher plants, detrital matter and/or small invertebrates.  This makes it easy to grow the fish in ponds with minimal inputs of feed or fertilizer in extensive aquaculture.  If semi-intensive systems are used to generate greater production from a facility, fertilizers can be used to produce algae and zooplankton.  In intensive production, feeds containing primarily plant proteins can be fed.  These inputs are considerably less expensive than the costly feeds containing high percentages of fish meal or other animal proteins that must be fed to carnivorous fish.  Consuming herbivorous fish is a more ecologically efficient transfer of energy and protein to human consumers than using carnivorous fish that require fish or other animal proteins in their diets.

These are just of few of the reasons that tilapia have become one of the most important domesticated fish around the world.  The following sections describe some of the most common techniques employed to rear what may become the most import fish in aquaculture in the coming decades.
Tilapia Reproduction 

            The tilapias most commonly used in aquaculture, from the genus Oreochromis, are mouthbrooders.  The fact that they provide so much parental care has a great impact on the benefits and drawbacks of their reproduction in aquaculture settings. From a practical point there are three major issues regarding tilapia reproduction.  First, control of reproduction, for purposes of domestication and other directed breeding.  Second, elimination of excessive breeding, to grow a controlled number of fish in a rearing unit. Third, all or predominantly male fish are preferred in production systems. 

Regarding the spawning behavior, often fish breeders will isolate males and females to reduce unwanted reproduction.  When the fish have reached the desired size, they can be stocked into a spawning unit.  Males will exhibit spawning coloration.  O. mossambicus males will have very dark pigmentation, a red margin on the caudal fin, and may have a white spot on the throat.  Males often have enlarged upper and lower jaws.  O. aureus males have a bright iridescent blue or blue-green spot on the throat and a similar red margin on the caudal fin.  O. niloticus males are more likely to have a reddish coloration on the throat, and the same red margin.  Due to the large number of hybridization events in the past, these color patterns will be intermediate in hybridized strains.  Typically, a male will excavate a nest from the bottom sediment.  In many culture settings, however, breeders are stocked into tanks in which there is a solid surface.  In these instances the male will scrape away all surface algae and leave a cleared spot delineating the nest.  A female lays her eggs in the nest, the male fertilizes the eggs and then the female picks her eggs up and incubates them in her mouth.

At this point many culturists intervene and collect fertilized embryos from the female.  If a female can be netted with minimal disturbance, she will continue to hold her eggs.  A wash bottle can be used to rinse eggs from the buchal cavity.   Eggs collected in this manner are typically hatched in a McDonald jar, or various round-bottomed containers with an overflow spout.  Hatched fry swim up and out and are accumulated in a screened tray.  One of the concerns encountered when incubating eggs is the prevalence of Saprolegnia fungal infections.  Fungus tends to grow first on unfertilized or dead eggs, spreading to adjacent viable embryos.  The most effective treatment is to carefully remove infected eggs by hand on a daily basis.   Keeping eggs in motion is also effective as the fungus cannot easily spread to eggs in motion. There are several chemicals that are known to be effective to control fungus, including potassium permanganate, formalin and salt.   Regulations vary on how these compounds are used, so refer to local agencies for instruction.  After the embryos hatch, they can survive for several days on yolk sac.  Fry will begin feeding before the yolk is completely absorbed. 

Many small-scale culturists prefer to allow the female to continue to incubate the eggs.  Even after eggs hatch, fry will remain in the mouth.  Once fry are free swimming they will still return to her mouth for protection.  Tilapias of the genera Tilapia and Sarotherodon, are more likely to be nest builders and care for eggs laid in the nest.  However, they also invest in the care of the young by producing large eggs and then protecting the embryos and fry in the nest.  Females can produce several hundred to several thousand young per spawn.  The high level of parental care allows breeders to quickly raise thousands of young for directed selection, for transgenic research or for stocking into production units. 

In some cases precocious juveniles become sexually mature in less than six months, when they may weigh less than 50 g.  This can be an additional advantage for selective breeding, allowing many generations to be produced in the time it takes other fish to reach maturity.  However, most of the sophisticated large-scale breeding programs developing stocks for international scale breeding programs use fully grown broodstocks to determine desirable growth characteristics through the production cycle.  The drawback to precocious sexual development and a high potential for reproduction is that tilapia released in exotic locations can quickly spread and impact native fish populations.  Likewise in ponds with no predators, tilapia can over-populate and end up with large numbers of stunted, unmarketable fish.

Research into the reproductive biology of the tilapia has focused on physiological characteristics such as egg development, storage of sperm for use in selective breeding or storage of genes to protect genetic diversity, and water quality and radiation effects on gametes, among other topics.  The complex reproductive behavior has been of interest to scientists and hobbyists for decades.  More recently, transgenic research and other forms of genetic engineering have included tilapia.  Fish eggs including tilapia, are much larger and easier to manipulate than mammalian eggs and do not need to be implanted in the female for incubation.  The large number of eggs per female allows for large sample sizes and the problems of working with mammals, which can be expensive to maintain and subject to strict regulations can be avoided.

From a practical farming standpoint, the critical issue is how can the greatest number of young be produced in the smallest area for the lowest cost.  Effective hatcheries are a prerequisite for establishment of an industry.   Several techniques are used and the success or failure at any given facility will be subject to the skill of the breeder, the quality of the fish, the food and the water available.  Simple pond spawning is sufficient in many locations.  A shallow pond is built and the males and females are stocked and allowed to spawn at random.  Typically 3 or 4 females will be stocked for each male.  Seine nets are used on a regular basis to capture the young fish that are then moved to another pond, nursery tank or hapa net.  Hapas are fine meshed nets that are suspended from a frame in a body of water.  The young fish, usually less than a gram, and only a few days old will be collected and placed in the hapa for initial feeding and to protect the young fish from predators.  A variation used in large hatcheries and for selective breeding programs is to place the spawners in tanks or hapas suspended in ponds.  After the fish spawn, the eggs or fry are collected directly from the mouth of the female, or the young can be collected as soon as they are swimming away freely from the mother.  Eggs and fry removed from a brooding parent can be reared in artificial systems described above.

Reproduction and hatchery operations are some of the most interesting scientific and technological challenges facing the tilapia industry.  Development of genetically male tilapia, sex-reversed fry and sophisticated selective breeding programs utilizing dozens of family lines has contributed to a rapid improvement in the growth rates and harvest size of farmed tilapia.  Domestication of tilapia is still in the earliest stages and we already are witnessing tremendous improvements with more to follow in the near future.   

Male fish are preferred for production fish as they grow more rapidly and to a larger average size.  One technique developed to generate all male populations is to utilize hybrids.  Certain hybrid crosses, O. aureus x O. mossambicus, and O. aureus x O. urolepis hornorum result in a skewed sex ratio favoring males.  

The most commonly used technique to produce all-male populations is to sex reverse fry.  Newly hatched fry have undifferentiated gonads.  By including a hormone in the feed, or by immersion in a solution containing a hormone, fry can be induced to develop morphologically as male or female, regardless of genotype.  The normal technique is to feed methyltestosterone to fry for 28 days.  Twenty-eight days is sufficient to induce most if not all the fish to develop testes.  The small number of fish that do not reverse will develop as females or hermaphrodites.  Temperature can affect the success of reversal, with temperatures below 28 0 C contributing to lower success (95% decreasing with lower temps) and temperatures of 30 0 C contributing to success near 100%.

A novel approach, first developed in the Philippines, involves genetically male tilapia (Mair et al. 1997).  In this process, selected fry are fed a feminizing hormone, estrogen, yielding an all-female population.  Genetically male but phenotypic female fish are then bred to normal males, yielding a brood of fry with a normal distribution of 1/4 XX, 1/2 XY and 1/4 YY progeny.  The YY males can then be found by progeny testing and once identified as such, can be sold to other hatcheries and bred to selected females.  The YY males bred with normal XX females should yield 100% XY, or normal males.  The primary benefit of this technique is that the production fish are all-male and have never been treated with any hormone.  Although the fish have been trademarked as Genetically Male Tilapia, by FishGen of the United Kingdom, they are not genetically engineered.  The fish are not transgenic, no genes have been altered and the fish bound for human consumption have not been exposed to any hormones. Transgenic tilapia have been produced in Great Britain and in Cuba (Martinez, et al. 1999). Neither stock has been released outside the lab.
Regulations and Permitting

Tilapias are exotic species to the United States and are subject to restrictions in many states.  There are wild populations of O. aureus and O. mossambicus in southern Arizona, southern California, southeastern Texas, and southern Florida.  Populations of introduced tilapias have been reported in Alabama, Florida and warm springs in several Western States.  Most states now require some type of stocking permit or fish farming license before tilapia can be grown.  In Arizona, California and New Mexico, there are geographic restrictions on where tilapia can be grown within the states.  In Louisiana and several other states, there are system requirements for growing tilapia.  In most cases the requirement is that the fish be grown in enclosed structures with no discharge to open waters.  Typically this entails use of greenhouses or industrial buildings that discharge to settling basins or municipal sewage systems.

Environmental and Conservation Issues
Tilapia have become the second most important fish produced in aquaculture.  Their spread to countries around the world has been accompanied by environmental externalities, negative impacts on the ecosystem outside the farm.  In addition, introductions of various species into the range of closely related tilapias have led to inadvertent hybridization and loss of genetic variability.  

Environmental impacts of tilapia can be loosely grouped into two major categories.  First is the impact of feral populations of tilapia on native fishes.  Introductions of tilapia around the world frequently occur in concert with severe human impacts on local aquatic systems.  These impacts often help the tilapia to thrive at the expense of native species. Tilapia may compete for resources with native fish, or they may just thrive in the altered conditions.

The second environmental issue is the nutrient enrichment of local waters from intensive farming of tilapia.  Intensively fed fish generate fecal waste and leave uneaten food.  Nitrogen and phosphorus dissolved in the effluent and the biological oxygen demand of decaying organic matter can impact the receiving water.  Wastewater from processing plants can also impact receiving waters if they are not treated sufficiently. Conventional water treatment plants, constructed wetlands, and irrigation of crop plants are suggested as methods of reducing negative impacts from eutrophication caused by fish farm effluents.

Conservation of genetic variability of wild and domesticated tilapia stocks are also of importance.  There are several instances where this is important.  First, tilapia stocks have been moved repeatedly and allowed to interbreed with local populations.  In some cases this has led a to a decrease in genetic diversity and “pollution “ of endemic populations.  The loss of this diversity becomes important because whole genomes may be lost.  Some of this genetic variability may be important as a genetic reservoir of material that may be useful for future conservation or breeding efforts.

Several of the most common strains of tilapia came from very small founder stocks.  These fish have a high degree of introgression and may be subject to genetic bottlenecks.  Development of domesticated stocks that have been selected for certain culture conditions, from an adequate breeding population would be the best way to avoid this problem.  The Genetically Improved Farmed Tilapia (GIFT) program is probably the best example of such a genetic improvement effort.  Maintaining diversity in feral and captive stocks is important for both the fish in their native environment and for those in captivity.  

Impacts of feral tilapia on native fishes.
Tilapia have been introduced into more than 90 countries on all the continents except Antarctica (Pullin 1997).    Many of the early introductions were for insect control or aquatic weed control (McIntosh et al., 2003).  The agencies responsible for these introductions widely dispersed the fish.  In most countries introductions of tilapia for farming purposes came later, or else fish already established in local water bodies were domesticated.  Tilapia introductions were often associated with severe environmental change, especially construction of reservoirs and large-scale irrigation projects.  Tilapia are often described as “pioneer “ species.  This means that they thrive in disturbed habitats, opportunistically migrating and reproducing.  Often they were introduced into areas that have severe environmental damage where natives were already at risk.  The tilapia are better able to adapt to the new conditions and the natives have been forced to contend with environmental changes and competition from exotic species.

The Lower Colorado River in North America is a good example.  A series of dams and diversion of most of the river’s water caused massive environmental changes. The dams stopped the normal flooding cycle, altered the algal community and increased salinity. Introduction of tilapia for aquatic weed control in the irrigation canals allowed them to eventually migrate into the Colorado River mainstream.  Tilapia, along with, many other exotics introduced as sport fish, completely changed the fish community.  In some areas of the river, tilapia now represent 90% of the fish biomass and virtually all of the native species are endangered.

Many populations of tilapia are now so well established they are a permanent part of the fish community.  However there are some steps that aquaculture operations can take to mitigate any additional harm.  The eventual goal should be to develop fully domesticated strains of tilapia that will have little chance of surviving outside a culture setting, in much the same manner as most domestic farm animals.  The industry is well on its way with tilapia.  Red strains of fish are an important step.  Red tilapia are only found in domesticated populations and they have very little chance of surviving in the wild. Predation is high from birds, fish and humans because they are so visible in the water. Strains that have been bred to have very large fillets and a more rounded body form are also unlikely to survive outside a farm.  Finally, all male populations, developed from hybrids, sex-reversal or genetically male parentage, are less likely to be able to establish a breeding population off farm.  All of these techniques should be considered as contributing to the reduction of the ability of tilapia to impact native communities.

Effluents 

There are several environmental impacts associated with the discharge of waste waters from tilapia farms.  The most obvious of these are the nutrients that are released from fecal wastes and uneaten food.  Nitrogen, phosphorus and other macro and micro-nutrients contribute to algae and plant growth in receiving bodies of water.  Biochemical oxygen demand, lower levels of dissolved oxygen and higher levels of total suspended solids in fish effluents also contribute to eutrophication.  This problem is common to all forms of tilapia culture.  Pond effluents impact receiving streams, cage culture impact the surrounding lake or pond, salt water culture impacts nearby reefs or other marine systems, and recirculating systems in an urban setting can impact the municipal sewage system.

Solutions to eutrophication – There are several actions that tilapia culture can take to reduce eutrophication.  One of the first is to use nutrient dense diets.  These are diets designed to minimize wastes by delivering a feed that provides the highest possible incorporation of ingredients to absorption by the fish. Maximizing the Food Conversion Ratio is the most obvious example of this.  Use of effluents for irrigation and fertilization of field crops is one of the most practical.  Cage culture in irrigation reservoirs or delivery canals will also deliver nutrients to crops. Integration with hydroponics can have an even more direct delivery of nutrients to plants.  Salt water culture of tilapia is growing quickly and methods of treating saline effluent are also available.  Effluents can be used to irrigate and fertilize halophytic plants used for commercial purposes (Brown et al., 1999) or they can be used for seaweed culture, especially Gracilaria (Nelson et al. 2001).  Tilapia can also be grown in a polyculture with marine shrimp, which appear to consume tilapia wastes.  Effluent from saline tilapia culture has been used for mangrove restoration.

Conservation of genetic resources

There are two major areas of concern regarding loss of genetic variability in tilapias.  The first concern is interbreeding of domestic stocks of tilapia with populations in the wild.  This is of special concern to geneticists because of the potential loss of genetic diversity that might be utilized in future breeding programs.  The second concern is protection of diversity within existing strains of farmed stocks.  Inbreeding of tilapia has been a recurring problem in tilapia farming areas around the world.  The ease with which individual farmers can spawn their own stocks has led to frequent problems including small founder stocks, genetic bottlenecks and rapid loss of heterozygosity.

Solutions to maintaining diversity:  The first requirement is to make sure that individual farmers understand the need to maintain physical and breeding control of their stocks.  This is the best way to keep domestic fish from breeding with natives or from breeding indiscriminately on the farm.  Beyond that, breeding programs including the GIFT project, and better line control on individual farms, will increase domestication.  Preservation of genetic material in the form of live stock and frozen gametes are also important tools.  Use of red strains and all male populations will also reduce the chances of domestic fish surviving and reproducing in the wild.

Culture Methods

Another factor that contributes to the widespread use of tilapia in aquaculture is the diversity of systems that can be used to rear tilapia.  Using extensive aquaculture methods, the fish can be grown in small ponds or lakes with no additional inputs, depending solely on the primary productivity of the system.  The young are stocked and adults are harvested.  The yield per hectare may be small, but so is the investment.  More intensive systems use increasingly greater inputs.  The acadja systems, developed in Western Africa, incorporate stakes or poles driven into the bottom mud of ponds.  The stakes provide substrate for attachment of algae and bacteria that tilapia will graze.  This novel approach increases productivity without fertilizing.

Fertilizer is an additional input that can greatly increase fish yield.  Input of organic or inorganic fertilizers increases production of algae and then invertebrates and bacteria that graze on, or decompose algae, respectively.  Tilapia, in turn, graze on algae, invertebrates, and bacteria.  A good fertilization program can increase the tilapia yield of a pond from several hundred kilograms per hectare per year to several thousand kilograms per hectare per year.  Pond culture can be optimized through several technologies.  Egna and Boyd (1997) provide a thorough review.   

Cage culture is a still more intensive method of rearing tilapia.  Harvest densities can reach 169 kilograms per cubic meter (Carro-Anzalotta and McGinty 1986). Cages can be constructed out of very simple bamboo poles and nets or made with sophisticated materials including steel, plastic and composites.  By increasing the density of fish and keeping them concentrated, the farmer has better control over feeding, can reduce unwanted reproduction and can simplify harvest.  Cages are especially useful for producers who must use public or communal waters including village ponds, lakes, bays or irrigation systems.  Very large farm operations have been developed in the Philippines, Indonesia, Brazil, Colombia and Honduras based on cage culture that provide jobs for thousands as members of cooperatives or employees of companies. The fish produced are for domestic consumption and international trade.

Intensive flow-through ponds or raceways are the preferred method for large-scale commercial production in many countries (Figure 1).   Ponds of a hectare or less, raceways or tanks are built with complete exchanges of water measured in hours.  Supplemental aeration may be provided with paddlewheels or air injection.  These farms use tilapia stocks selected to thrive under crowded conditions.  Systems like these are especially attractive in areas that can recover the effluent water from these farm operations for field crop irrigation.  Wastes from the fish provide good fertilizer for field and tree crops and the producer does not need to worry about polluting the environment.

Other forms of integrated tilapia culture have been developed in Asia based on traditional carp culture.  In these systems agricultural wastes from a farm are used to fertilize ponds. Afterwards, pond water and nutrient rich muds are used in vegetable gardens.  In rice growing areas from Southeast Asia across the Indian sub-continent to Egypt, tilapia are often grown in rice paddies.  The fish help to control insects, aquatic weeds and algae that compete with the rice for fertilizers.  Tilapia can then be harvested with the rice yielding an additional edible crop from the same field.  The channels used to drain water from the field even provide a convenient area in which to capture the fish.

Integration of tilapia culture with hydroponic vegetable production is a high technology version of an integrated system (Figure 2).  The hydroponic plants can be used to filter the wastes from the tilapia and water can be returned to the fish or discharged from the facility (Rakocy 1993).  Since the plants thrive on the nitrogenous wastes of the fish and the roots of the plants support bacteria that will further filter the water, this ecological system has become popular both as an efficient food production system and as a teaching tool in many schools.  In Europe and North America, greenhouses that support year-round fish and plant production can be used to supply live tilapia, fresh herbs and vegetables to consumers willing to pay for such luxuries.

The market for live, fresh tilapia has led to the development of the most intensive of all aquaculture systems.  These highly engineered systems, recirculate virtually all the water in the system.  They use a variety of physical and biological filtration systems to maintain water quality and retain heat in the water that often must be added by electric or gas heaters.  The fish are reared in concrete, fiberglass or plastic lined tanks.  These systems represent the most intensive systems, requiring large investments of capital, technology and rearing skill.  The cost of production is high, but market prices for live fish can justify the investment.

Tilapia is the only fish grown in all of these production systems.  In addition, many of these systems are also used in brackish or even full strength seawater to raise tilapia.  The analogy of raising tilapia from ranching to feedlot style does not do justice to the vast array of culture techniques employed to cultivate them.  All of the systems listed above have been successful in appropriate settings.  Of course some have failed when the technology does not fit the appropriate economic conditions.  Tilapia production is still increasing using each of the techniques listed above.

Integration of aquaculture and agriculture has been practiced for centuries.  Multiple use of water for fish and field crops, with nutrient recycling, increases farming efficiency, which must be achieved if we are to feed increasing populations with limited resources. The oldest and most diversified integrated systems come from China, India and Southeast Asia.  It is probably not a coincidence that this very efficient form of agriculture is found in the most heavily populated regions of the planet.  It is generally accepted that the healthiest human diets are those high in complex carbohydrates, vegetables, and fish.  This corresponds to the rice, vegetable and fish diets common throughout Asia.  Likewise, these farms are highly efficient at producing large amounts of food with minimal inputs of non-renewable resources.  This healthy diet and effective use of natural resources contributed to the development of some of the world's oldest civilizations, supports much of the world's current population, and indicates a direction for reforming non-sustainable agricultural practices.

Much of the world's current population and economic growth is concentrated in arid and semi-arid zones.  In those regions, multiple use of water for aquaculture and plant crop production is desirable for environmental, economic, and even socio-political reasons. The seemingly incongruous concept of growing fish in a desert is directly related to the value of the limited water resource and the need to make the most efficient use of that resource. Tilapia are especially well suited to be grown in irrigation production systems (Pantulu, 1980; Jauncey and Stewart, 1987: Mires et al., 1990; Redding and Midlen, 1990; Fernando and Halwart, 2000) or in drainage waters collected after irrigation (Siddiqui et al., 1991).  

Fish before Irrigation    (Fish-Crop) - Lieberman and Shilo (1989) report that 60% of the fish cultured in Israel were grown in irrigation reservoirs with waters being used during the summer to irrigate field crops.  Crops irrigated include citrus, grains, and vegetables.   Sadek (1988) reported there are 3,532 km of primary irrigation canals in Egypt that already supply a significant percentage of the freshwater fishery production.  Total tilapia production in Egypt for 2000 was estimated at 53,000 mt (metric tons), although commercial aquaculture production in primary irrigation canals has been restricted due to concerns over changes in water flow associated with aquaculture structures. Experimental production of tilapia in cages in irrigation canals demonstrated that yields of 40 kg/m3 could be achieved with estimates of 100 mt per annum from a one hectare field of cages placed in flowing canal water (Ishak 1982, 1986).  In 1989, 400 operators were licensed to operate tilapia cages in the Damietta region. Shelton (1989) reported that an intensive tilapia culture facility was being constructed at Kassasseen to examine the use of aquaculture effluents for irrigation of citrus and bananas.   A. Al-Jaloud et al. (1993) used tilapia farm effluent to grow wheat in Saudi Arabia.  A 50% reduction in chemical nitrogen application could be achieved by irrigating with effluent containing 40 mg N/liter.

Projects in Arizona and Brazil have used screens to partition sections of delivery canals, effectively creating large cages.  Tilapia stocked into these canals benefit from the near constant flow.  Two projects in the Sao Francisco River Valley of eastern Brazil produce more than 500 kg of whole tilapia daily, with the irrigation water then being used to irrigate bananas, beans, citrus and vegetables. 

Nutrient values of tilapia effluents - Aquaculture effluents can be significant pollutants in the environment if they are not managed correctly (Cowey and Cho 1991; Pillay 1992; Boyd and Tucker 1995; Goldburg and Triplett 1997).   In September of 2002 the US Environmental Protection Agency published draft guidelines to regulate discharges from aquaculture facilities.  Recirculating systems used by many tilapia producers were singled out for regulation. In many cases, appropriate land application is the preferred method of disposal of effluents from aquaculture facilities.  Usually these aquaculture effluents are considered to be a form of nitrogen fertilizer and are regulated under Best Management Practices (Fitzsimmons, 1992).  Wastewaters from aquaculture facilities typically carry metabolic and solid wastes, fecal matter, algae, and uneaten feed, from the cultured animals and potentially diseases and exotic pest organisms.  Land application not only reuses water and nutrients it also reduces apprehension over introduction of diseases, pests and exotics to the natural environment.  Land application is typically limited only by the capacity of the soil to absorb water or by the amount of nitrogen delivered per surface area.

Water used in intensive recirculating tilapia culture systems has been reported to have total ammonia levels of up to 19.2 mg/l, nitrate levels of up to 181 mg/l (Lightner et al. 1988), phosphates up to 53 mg/l and potassium up to 150 mg/l (Nair et al. 1985). Olsen et al. (1993) reported that water from an intensively stocked pond contributed 6.8 kg total nitrogen/ha when used to irrigate cotton for one season.  Nutrients from tilapia culture effluents are readily available to plants (Roy et al. 1990) and the organic matter is especially useful in desert soils.  Because much of the nutrient is bound in solids or other complex organic form, it is possible that the nitrates will not leach through the soil column as quickly as chemical fertilizers.  Yates et al. (1992) report that nitrate leaching can be reduced by using dilute nitrogen application on a frequent basis, rather than concentrated nitrogen on an infrequent basis.  If the nitrogen from fish wastes is more dilute than chemical fertilizer nitrogen and is delivered over an extended period, plants may utilize this nitrogen more effectively.  This would lessen the possibility that aquaculture effluent nitrates would leach down to groundwaters.

Production of fish in clean water destined for field crop irrigation is likely to be cost effective and culturally acceptable.  Several systems are currently in use including stocking directly into canals and storage ponds, into cages or net pens in canals or storage ponds, into sections of ditch or canal with screens to control fish movement, and diversion through tanks and raceways with return to canal or field.  Some of the benefits and drawbacks of these various systems are addressed in Table 1.

TABLE 1.  Advantages and disadvantages of several "aquaculture in irrigation" systems.

	Production System
	Advantages
	Disadvantages

	A. Cages in Irrigation Ditches
	1. Provides control of fish stocks, easy to stock, move fish to other sites, harvest
	1. Easy for poachers to harvest fish

	
	2. Easy to feed
	2. Leftover feed is lost

	
	3. Protection from birds
	3. Lose chance for fish grazing on algae and cleaning ditch

	
	
	4. Cost

	B. Screen Dividers in Irrigation Ditches.
	1. Lower costs
	1. Small ditches do not have continuous flow

	
	2. Fish help clean ditch
	2. Easy for poachers to remove fish

	
	3. Can stock more fish
	3. More difficult to harvest

	
	4. Fairly easy to feed
	

	C. Screen Dividers in Large Supply Canals
	1. Continuous flow
	1. Must be fenced to keep out fisherman

	
	2. Large quantities can be stocked
	2. Difficult to harvest

	
	
	3. Feed carried out quickly

	
	
	4. Open to birds

	D. Pump from Ditches to Tanks and Raceways
	1. Control conditions (flow, feeding, densities)
	1. Power requirements

	
	2. Easy to harvest
	2. High capital cost

	
	3. Control outsiders (people and birds)
	

	E. Net Pens or cages in Reservoirs
	1. Control of stocks
	1. Capital cost of net pens

	
	2. Easy to harvest
	2. Problem if reservoir needs to be drained

	
	3. Protection from birds
	3. Reservoir not managed for aquaculture

	F. Pond Culture in Pre-irrigation Water
	1. Inexpensive
	1. High evaporation

	
	2. Standard methodology
	2. Hard to harvest

	
	3. Easy to adjust water use
	3. Open to birds

	G. Geothermal Water to Raceways
	1. Control temperatures (rapid year-round growth)
	1. High cost

	
	2. Can grow fish and crops year-round
	2. Need water year-round

	
	
	3. Need some recirculation

	H. Geothermal to Tanks
	1. Most control of any system
	1. Highest cost



Cages in irrigation ditches - Researchers and farmers have tested several methods of incorporating tilapia culture into existing irrigation systems (Redding and Midlen, 1990; Budhabhatti and Maughan, 19933).  The simplest systems tested have been cages stocked directly into irrigation canals (Figure 3). 


Screen dividers in irrigation ditches -  D'Silva (1993) tested a system of producing tilapia and catfish in sections of small irrigation ditch separated by dividers, with the water then used for irrigation of trees.  The trees were watered every day, so water in the sections was replaced daily.  Survival of tilapia in these systems was significantly higher than that of catfish (88% vs 12%) and densities of 20 tilapia per m3 demonstrated the best growth rate.  Mesquite trees receiving the fish water grew significantly faster (height and stem base area) than trees receiving water directly from the source well.  Additional trials were conducted rearing catfish and tilapia in irrigation ditches used to irrigate cotton.  In those trials (D'Silva and Maughan, 1994) demonstrated that tilapia could be grown in irrigation ditches which were used for irrigation on a periodic basis, with an exchange of water only every 12 to 18 days. 


Screen dividers in large supply canals - Canals, especially lined canals, can be ideal sites for cage culture or even in sections of the entire canal with multiple dividers across the entire cross section.  A section of the Santa Rosa Canal in Central Arizona approximately 100m x 7m was screened with steel gates and stocked with tilapia and carp.  This system produced significant quantities of fish and identified several constraints.  First, was the reluctance of the irrigation district management to become an aquaculture producer.  Second, were the concerns of the district of potential problems that might arise such as impeding water flow or degrading water quality.  The final concern was the liability a district would assume if its actions harmed a fish production operation.  Similar production systems in Brazil have encountered the same concerns.  Banana plantations using effluent water from tilapia rearing operations have reported increased backwashing was required for irrigation sand filters.


Pump from ditches to tanks and raceways - Several systems have been built which take water from a canal and divert it to tanks or raceways.  Effluent waters can then be returned to the original canal for eventual irrigation or delivered to a field for direct use.  Advantages of this type of system are that there is minimal impact to the canal operation, it is easy to monitor water use and impact, and the aquaculturist can be a user member of the district.  The disadvantages are that extra capital is required for facilities and working out agreements with a district can be tedious. 


Net pens or cages in reservoirs -   Brooks (1992) described a system of floating pens in earthen raceways (40m x 10m) using pre-irrigation water.  Small net pens (6m x 3.6m) take advantage of a rapid flow through the reservoirs to maintain high densities of fish.  A project in Israel employs large cages (8.4m x 5.4m x 4m) placed in a reservoir (8 ha).  Milstein et al. (1989) presented information on the limnology of reservoirs used for fish cage culture and crop irrigation.  Their research demonstrated the feasibility of cage culture of tilapia and carp in irrigation reservoirs and documents the fish contributions of nitrates to irrigation water and reduction of pond water pH.  Lieberman and Shilo (1989) recommended methods of improving water quality in reservoirs used for fish production.  Their recommendations include siting of reservoirs to take advantage of prevailing winds, mechanical mixing and siting irrigation intakes to remove worst quality water for fish culture but best quality for irrigation and fertilization of field crops.   A similar system has been built on the Ak Chin Indian Reservation of Arizona, utilizing a net pen with floating dock walkways for production of warmwater species including tilapia and striped bass.


Pond culture in pre-irrigation water - Pond culture has been integrated into several irrigation operations utilizing pond volume for storage of water as well as aquaculture.  Advantages to this system are that many farmers are constructing ponds for water storage to take advantage of low cost pumping periods or difference in water availability.  In these cases the fish culture can follow standard pond culture methods for the species being farmed while making adjustments necessary for irrigation procedures.   Olsen et al. (1993)  used water from a pond (tilapia and catfish) to irrigate and fertilize cotton and were able to supply nitrogen equivalent to 15% of the chemical fertilizer applied to the crop.


Geothermal water to raceways - Several farmers in the Western U.S. utilize geothermal waters for aquaculture and then field crop irrigation.  This procedure provides the added benefit of maintaining preferred water temperatures for tilapia year-round and providing warmth to plants to protect them from frosts and/or to encourage early germination and growth.  These systems use modified irrigation ditches as raceways for intensive production of tilapia and catfish.  A problem that may arise with geothermal waters is salinization of soils from compounds in the water. 


Geothermal to tanks - Designing a system to use geothermal water in tanks with effluent going to field crops provides the greatest amount of management control to an integrated production system but also requires the largest investment.  One system near Safford, AZ (Figure 4.) stocks tilapia in round fiberglass tanks with gravity flow of its effluent to a cotton field.  The benefits of this system were a sharing of water pumping costs, fertilizer value of the fish wastes and elimination of the need for a discharge permit for the fish facility.


Tilapia production in irrigation systems is likely to be the system of choice for integrated aquaculture-agriculture in arid regions.   It will allow irrigated agriculture to not only survive but thrive using a sustainable methodology that will increase productivity, increase profitability and increase the amount of food available to a needy world population.  Tilapia can be cultured either in dedicated facilities or directly in irrigation structures.
Tilapia culture in recirculating systems  -  By 2002, tilapia production in the US had grown to 9,000 metric tons (20 million pounds) per year.  Production is widely scattered across the US and many different production systems are utilized.  These range from simple pond systems and extensive culture techniques to closed recirculating systems with controlled environments and the most intensive aquaculture techniques yet developed.   Some of the highest fish densities of any aquaculture system are found on tilapia farms using liquid oxygen, microscreens, fluidized bed biofilters and UV sterilizers.  Production densities over 100 kg per cubic meter of water are not uncommon.

During the period of 1980-2000 tilapia became the preferred fish for many recirculating systems.  This developed from the fact that tilapia are the most forgiving animals to rear when developing the equipment and systems of recirculating systems. The three or four primary species of tilapia used in aquaculture originated in Africa and the Middle East.  In their native habitat the fish had to adapt to periodic droughts.  During these dry periods the fish would concentrate in the remnant water body.  The fish developed the ability to survive crowded conditions and poor water quality for extended periods.  This makes them an ideal species for aquaculture.  Not only can tilapia survive poor water conditions, they can actively grow in water that would be harmful to other types of fish.   Tilapia have been used in the experimental recirculating systems at universities including Louisiana State, Cornell, North Carolina State, Arizona, Purdue, Southern Illinois, Virgin Islands, and Virginia Tech.  In addition, many of the vendors of water treatment equipment, tanks and turn-key systems have utilized tilapia as a key species to be cultured with their products.

Commercial tilapia producers in the US primarily rear fish for the live markets.  The demand for live tilapia is relatively stable across the year and producers need to use production systems that allow for frequent harvests.  Recirculating systems are more amenable to batch and partial harvest as tanks can be more easily drained than ponds, and are more convenient to remove a given percentage of the total crop.

There are several broad groupings of recirculating systems for tilapia production (Malone and De Los Reyes, 1997).  The categories presented here are based primarily on design and operational characteristics, but there is also some geographical basis as some of these systems are concentrated in certain regions.  Obviously there is also considerable variation between farms and many are hybrids, incorporating aspects from one or more of the categories.

Bacteria based systems - The bacterial based system takes advantage of the ability of tilapia to thrive under water quality conditions that would be lethal to many other fishes.  In essence, fecal and urinary wastes and uneaten food are allowed to decompose within the culture vessels, usually raceways or round tanks.  Obviously heavy aeration is required to insure that adequate dissolved oxygen is maintained for the fish, the nitrifying and heterotrophic bacteria.  Along with heavy aeration, vigorous water movement is needed to keep all particulate matter in suspension.  This is important for two reasons.  First, settleable solids can accumulate in recesses of the culture vessel and then decay through anaerobic processes that introduce detrimental decay products.  Second, by keeping the particulates suspended in the water column with adequate dissolved oxygen, beneficial bacteria will oxidize nitrogenous wastes and heterotrophic bacteria will decompose feces and uneaten food.  In these systems bacterial flocs and algae blooms fill the water column.  Turbidity values are very high and visibility is measured in just a few centimeters.  The high level of dissolved nutrients encourages algal growth.  The heavy aeration and water movement is equally important to maintain the algae population in a state that benefits the system by turning nutrients (ammonia, nitrites, nitrates and carbon dioxide) into a food item and oxygen.  This is especially important at night when algae continue to respire and could deplete oxygen needed by the fish.  The vigorous water movement is also critical to keep these algae moving in the column where they can come to the surface often enough to get sufficient light for photosynthesis and do not end up dying and decaying on the bottom.

The bacteria based systems can utilize a diet lower in protein than more conventional systems because of the extensive grazing by the fish on the bacterial floc and algae in the system.  However, these systems are also subject to off-flavors and fish often need to spend several days in a depuration tank before processing or going to market.

The most well known examples of these systems are the Organic Detrital Algae Soup (ODAS) farms built by Solar Aquafarms.  The first farm built in Southern California grew tilapia from 1986 to 1996.  A second farm built on a similar design, Jordan Valley Fisheries, was still in operation in Jordan in 2003.  

Green water raceways in greenhouses - This system has become popular in Louisiana.  In these systems, raceways are built of treated lumber and plastic liners placed into a slightly excavated area.  A greenhouse structure is built around the raceways and their filter systems.  Algae are allowed to grow in the water but fluidized bed (usually plastic beads) filters are utilized to provide nitrification of nitrogenous wastes not utilized directly by the algae and to remove some solids (fecal wastes, uneaten feed, dead algae and bacterial floc). Sediment traps are also used to remove heavy particulates with wastes delivered to on-site ponds. The filters are backflushed on a regular basis.  The frequency of backflushing can be automated and based on pressure increase or a set time interval, or can be operated manually. Backwashed material is delivered to on-site settling ponds, which capture solids and allow water to percolate back to groundwater.  Louisiana tilapia farms are not allowed to discharge to open waters.  

These systems require vigorous aeration and water movement to keep algae in suspension and to move solids to the biofilters for removal.  The algae contribute oxygen, remove carbon dioxide during daylight hours, and provide some supplemental nutrition, but the fish receive most of their nutrition from prepared feeds. Aeration and water movement are provided by airstones, paddlewheels, and/or floating aerators.  

Intensive tank systems with settling ponds or constructed wetlands - These are the most common systems used in California, which producers more tilapia than any other state in the US. Typically these farms use round tanks and raceways that are out of doors, but are in fact intensive recirculating systems.  On these farms, concrete tanks are built with sloping floors to a center drain.  Some farms use a simple center standpipe to remove solids and recirculate water for oxygenation.  Others use a double drain and separate treatment processes. One farm has developed an innovative design that includes a settling basin around the center drain that can be flushed to rapidly remove solids.   Recently some of the farms have added plastic domes or complete greenhouses to control both environmental conditions and to reduce bird predation.

These systems use compressed air blowers, paddlewheel aerators, liquid oxygen or combinations to maintain dissolved oxygen levels.  The entire array of methods to increase gas exchange can be found on one farm.  Airstones, airlifts, soaker hoses, venturis, u-tubes, saturating columns, and various cones are commonly used.   Pressure swing absorption and gas separation units are used to enrich the oxygen level in the air mix used.

Few, if any, of the California farms are using bead filters or other biofilter units.  Most are discharging to settling ponds and constructed wetlands to clean their water for re-use.  Typically, a settling basin (0.1 hectare) is used to settle heavier solids. Water then flows to a second, usually bigger unit.  These basins can either be an open pond or a constructed wetland.

Several tilapia farms in Idaho and Arizona could also fit in this category.  Idaho has several areas with geothermal water that can be used for warm water fish culture, especially tilapia. One group of farms uses indoor tanks with varying degrees of recirculation with effluent water going outside for irrigation.  Another group has multiple-passes through raceways with vertical drops.  The raceways are not strictly a recirculation system, but they do utilize low head aerators and gravel streambeds for ammonia removal between raceways.

Controlled environment systems - These tend to be the most intensive of all tilapia and possibly any food fish aquaculture system.  Densities of 100+ kg/m3 are commonly achieved in growout. These systems are typically placed in a building or greenhouse.   Round or octagonal tanks or d-end raceways are the normal culture units.  Some operations will use a common filtration system, but most have multiple units, with one filter system for each tank.  These most intensive systems carefully address each unit process to insure that wastes are removed, that dissolved oxygen levels are maintained and that ammonia and pathogens are removed or treated.  (Table 2.)  Controlled environment systems are found across the United States and Canada.  Systems have also been built in Japan, Korea, Germany, Great Britain, and Belgium.

Virtually all of these systems utilize an integrated design that addresses each of the critical unit processes to maintain water quality in the rearing environment.  Oxygenation, carbon dioxide removal, solids (coarse and dissolved) removal, nitrification, and disinfection are each handled by one or more procedures.  The tilapia production systems have been early adapters of technology from the salmon and eel culture systems of Europe as well as innovative technologies from the wastewater industry and the ornamental fish hobbyists.  

Table 2.  Water treatment methods employed by various tilapia recirculation systems.
	Recirculation system
	Oxygenation
	Waste Solids Removal
	Fine or Dissolved Solids Removal
	Biological Filtration (nitrification and heterotrophic bacteria)
	Carbon Dioxide Removal
	Disinfection

	Biofloc
	Paddlewheels
	In-situ, bacterial
	None
	In-situ
	Algae, paddlewheels
	None

	Greenhouse
	Blowers, aerators
	Sedimentation 
	None
	In-situ, biofilters
	Algae, aerators
	None

	Tank
culture systems
	Blowers, paddlewheels, liquid oxygen
	Double drains
in tank, sedimentation,
settling ponds,
constructed wetlands,

Crop irrigation
	None
	Constructed wetlands,
settling ponds,

crop irrigation
	Algae, paddlewheels
	None

	Controlled environment 
systems
	Blowers,
liquid oxygen
	Sedimentation,
rotating screen filters,
bead filters, swirl separators


	Foam fractionation
	Rotating biological contactors, fluidized beds
	Trickling filters, air stones, packed columns
	Ozone, Ultraviolet


Due to the unique biological characteristics of tilapia and rapidly growing interest in tilapia production, the marriage of tilapia to intensive recirculating systems is bound to continue.  With water limitations becoming more of a problem around the world and with demand for the freshest seafood possible, intensive recirculating systems are sure to expand in production volume and production efficiency.  Some of the intensive tilapia production systems have been economic failures, in some cases major financial losses that have given the entire industry a poor reputation.  The drive to grow more fish with less water is a worthwhile goal, but may not be the basis on which a fish farm should be evaluated.  

Tilapia-Shrimp polycultures – Many of the world’s major tilapia producing countries are also major shrimp producers.  When many of the shrimp farms were hit with disease problems, they looked to tilapia culture as an alternative crop.  Suresh and Kwei-Lin (1992) and Watanabe et al. (1997) report on several strains and production systems that can be used to rear tilapia in saline waters.   Several techniques of polyculture of tilapia and shrimp have been tested.  These include simultaneous polycultures, with tilapia and shrimp being grown in the same pond at the same time, and sequential polycultures, with tilapia and shrimp being grown in the same pond at different times or in the same water at different times.  There seem to be several ecological and economic reasons why polyculture of tilapia and shrimp has been successful.  The most important is the beneficial impact tilapia seem to have on microbial communities.  The presence of yellow fluorescent vibrio bacteria has been noted as an indicator of poor water quality for shrimp farming and attendant disease problems.  Rearing tilapia in a shrimp pond or in water before it enters the shrimp pond, appears to decrease the proportion and/or number of yellow vibrio and increase the proportion and/or number of green fluorescent vibrio, which do not appear to be pathogenic.  Tilapia culture also has been reported to condition water so that populations of green algae and diatoms that are most beneficial for shrimp predominate.

Simultaneous polycultures - Simply stocking tilapia and shrimp together in a pond has been only marginally effective.  Farmers report that if significant numbers of both fish and shrimp are stocked, tilapia will consume feed before it can reach the shrimp.  Tilapia eating pellets off feed sampling trays is another frequent complaint.  This complicates management and reduces shrimp yield.  Stocking unequal populations of fish and shrimp have yielded better results.  A few tilapia stocked in a shrimp pond, or a few shrimp stocked in a tilapia pond, allows the farmer to manage for the primary crop and take the secondary crop as a small bonus.  Assumptions that tilapia might consume diseased shrimp before they could be cannibalized have not be supported by farmer’s observations.  Instead, tilapia appear to congregate in surface waters and not consume even decaying shrimp.  Tilapia will however reproduce brackish water ponds, leaving large numbers of unusable fry.  From an operational aspect, farmers report that fish and shrimp can be harvested together with some, but not excessive, extra effort.

A much more successful style of simultaneous polyculture has been to stock tilapia in cages or net pens inside shrimp ponds.  Farmers on Negros Island in the Philippines have been pioneers of this method.  Net pens are constructed in the center of rectangular ponds stocked with shrimp.  Paddlewheels circulate water that carries uneaten food and other waste materials into the interior of the net pens.  Tilapia consume the wastes and grow as well as fish stocked in a monoculture tilapia pond.  Wastes do not accumulate in the center of the pond as is normal in shrimp ponds.  Anecdotal reports suggest that shrimp survival is higher in the polyculture ponds than in adjacent ponds due to the changes in bacterial and algal populations.  

Floating cage culture of tilapia in shrimp ponds is practiced in some locations in Thailand.   Farmers report many of the same water quality benefits.  On these farms, multiple cages are stocked in front of paddlewheels to maintain water quality in the cages.  Changes in bacterial and algal communities have been noted, but the floating cages do not appear to help significantly with accumulations of wastes in the pond center.

Fixed cage culture of tilapia in intensive shrimp ponds is being tested in Eritrea. Concrete lined ponds of 300 m2 each, are stocked at 150 shrimp m2 and a single one m2 cage.  The cages are stocked with tilapia at variable densities and feeding rates.  Tilapia growth rates have been very slow, which has been attributed to the high salinity, 40 ppt.
Sequential polycultures -  Many tilapia-shrimp farms in South America and Asia have adopted a crop rotation scheme.  Alternating crops appears to reduce the prevalence of shrimp diseases and improve production of shrimp.  It is assumed that tilapia interfere with disease transmittance by consuming or disrupting potential disease vectors, and by altering the bottom sediments removing concentrations of anaerobic wastes.  Another common method is to rear tilapia in water supplied to shrimp ponds.  Growing tilapia in a reservoir pond has been used to condition the water for shrimp in Arizona, Ecuador, Peru, Thailand and the Philippines.  It is still unclear exactly how tilapia alter the microbial community of the water before it goes to the shrimp.  Preliminary results indicate that metabolic wastes encourage more green algae to bloom and that bacteria associated with the mucus coating of the fish provide a probiotic effect.  

Finally, some farms rear tilapia in the effluent water from shrimp farms.  This practice in Eritrea, Hawaii and Ecuador provides an extra crop from production water, but does not seem to provide any particular benefit to the tilapia.  It may however, improve effluent quality before discharge from the farm.

Diseases in salt water  -  Tilapia raised in marine waters seem to be especially susceptible to parasites and bacterial infection.   A lack of natural defenses to marine and brackish water pathogens and parasites, along with the physiological stress of culture in salinities beyond what the fish normally encounters, can result in high levels of mortality if fish are not treated.   Amyloodinium ocellatum, a ciliate, and Neobenedenia melleni, a monogenean, and Caligus spp., a copepod, and Vibrio, a bacterial infection, represent the most severe disease problems in saltwater culture.  Careful filtration, or use of water from seawater wells, is the best way to avoid these parasites.  In the case of infected fish, the most effective treatment appears to be freshwater baths.  Some farms use a freshwater dip or bath as a preventative measure, others will wait for a problem to appear and then treat the fish with a freshwater dip.
Tilapia Nutrition

One of the great advantages of tilapia for aquaculture is that they feed on a low trophic level.  In nature, members of the genus Oreochromis are all omnivores, feeding on algae, aquatic plants, small invertebrates, detrital material and associated bacterial films.  Individual species may have preferences between these materials and are more or less efficient grazing on these foods depending on morphological and physiological differences and life stages. Each of the commonly cultured species is somewhat opportunistic and will utilize any and all of these feeds when they are available.  This provides an advantage to farmers because the fish can be reared in extensive situations that depend upon the natural productivity of a water body or in intensive systems where fish will still take advantage of any bacterial or algae growth in the culture unit.  This characteristic helps to lower feed costs compared to virtually any other fish.

In extensive aquaculture, tilapia act as primary consumers and detritovores, able to grow by eating algae and detrital matter (Diana et al, 1991). Juveniles of all the Oreochromis species are efficient filter feeders of phytoplankton. Fry utilize gill rakers for filtering phytoplankton.  In some species filter feeding continues to be important, but all the tilapias become more omnivorous as they grow. Tilapia have small teeth in their jaws used for scraping algae and bacterial films. The fish have small stomachs and long convoluted intestines that allow for assimilation of vegetative materials. Juvenile tilapia are also capable of feeding on a higher trophic level, consuming small invertebrates and even small tilapia fry.  In hatchery settings it is not uncommon to observe 2 to 6 cm juveniles eat young fry.  There is a large body of research that examines the growth of tilapia in pond systems that are fertilized with organic (Knud-Hansen et al. 1993; Knud-Hansen et al. 1993; Green, 1992; Green et al 1990) and inorganic fertilizers (Green et al, 1989)

In intensive systems, tilapia have the advantage that they can be fed a prepared feed that includes a high percentage of plant proteins.  Carnivorous fish require fishmeal or other animal proteins in their diets, which in general are more expensive than plant proteins.  This characteristic is also important to those who are concerned about the use of fishmeal in aquaculture.  Higher growth rates can be achieved by increasing the protein content of diets by including fish and animal proteins.  However there are many nutritional studies that substitute plant proteins supplemented with specific amino acids to reach the production levels that can be achieved with fishmeal.

Complete diets are used in systems that cannot provide dependable nutrition from natural productivity.  This would include intensive recirculating systems, cages placed in water with low productivity and even heavily stocked ponds that do not provide enough nutrition for all the fish in the system.  Supplemental diets will provide only portions of the nutritional demands of the fish, with the assumption that they will get most of the nutrients from the growing system.  Supplemental diets are usually much less expensive than complete diets and usually high in carbohydrates.  Some simple supplemental diets serve a dual purpose of fertilizing the pond as well increasing productivity.  Considerable research has been conducted on complete diets and on fertilization programs for natural and man-made water bodies.  Development of supplemental diets directed to specifically provide limiting nutrients is a growing area of research.

Tilapia exhibit their best growth rates when they are fed a balanced diet that provides a proper mix of protein, carbohydrates, lipids, vitamins, mineral and fiber.  Jauncey and Ross (1982), El-Sayed and Teshima (1991) and Stickney (1996) provide excellent reviews that examine details of tilapia nutrition.   The nutritional requirements are slightly different for each species and more importantly vary with life stage.     Fry and fingerling fish require a diet higher in protein, lipids, vitamins and minerals and lower in carbohydrates as they are developing muscle, internal organs and bone with rapid growth.  Sub-adult fish need more calories from fat and carbohydrates for basal metabolism and a smaller percentage of protein for growth (Table 3).  Of course the absolute amount the fish is eating will still be increasing as the fish is much larger.  Adult fish need even less protein, however the amino acids that make up that protein need to be available in certain ratios (Table 4). Feed formulators will adjust protein sources to fit the desired pattern of amino acids through the growth cycle.    Broodfish may require elevated protein and fat levels to increase reproductive efficiency (Santiago et al. 1985; Chang et al 1988).

 Table 3. Typical protein requirements for tilapia

1.  First feeding fry 

45 - 50 % 

2.  0.02 - 2.0 g


40%  

3.  2.0 - 35 g


35%

4.  35 – 200g


30 - 33%

5.  200 g -  harvest

28 - 32 % 

Table 4. Essential Amino Acids in experimental tilapia diets at the University of Arizona.

Essential Amino Acids          

g/kg diet        

% of protein

Arginine                         


   15


  7.5

Histidine     



     5


  2.3

Isoleucine



     9


  4.3

Leucine




   15


  7.0

Lysine




   16


  5.0

Methionine



     5   (74% of Cysteine)    1.7

Phenylalanine



   15 


  4.5

Threonine



   10


  3.6

Tryptophan



     2


  1.0

Valine




   12


  5.8

In general, lipid requirements for fish under two grams represent 10% of the diet. This decreases to 6-8% from two grams to harvest.  The lipids should contain both omega 3 and omega 6 fatty acids.  Each fatty acid should represent 1% of the diet, although some reports suggest that fish grow better with a higher proportion of omega 6 to omega 3 (Takeuchi et al, 1983).  

Tilapia are not naturally high in omega 3 fatty acids.  However, the fatty acid profile in the edible portions of the fish can be determined by dietary fatty acid levels and by altering environmental conditions (Chou et al, 2001; Huang, et al, 1998; Fitzsimmons, et al. 1997;  Viola et al, 1988; Bell et al, 1986).  Increasing the level of vegetable oil and algae in the diet will increase the polyunsaturated fatty acids. Consumers are increasingly aware of the beneficial aspects of omega 3 fatty acids in their diet and products with higher omega 3 content may bring a higher price due to their higher nutritional value (Karapanagiotidis, 2002). 


Fiber component in a tilapia diet is usually the reciprocal of the lipid content.  Dietary fiber content often starts at 6-8% in small fish up to 35g and increasing to 10% above 35g.  Carbohydrates usually represent less than 25% of the diet for fish under a gram and increases to 25 - 30% for fish greater than a gram up to harvest.  

The least expensive ingredients in the diet often supply carbohydrates. Corn, wheat, rice and a number of agricultural byproducts are typical carbohydrate sources.  The ratio of energy supplied by lipids and carbohydrates to the proteins available in the diet is often a critical measure.   Shiau (1997) provides a comprehensive review of carbohydrate and fiber utilization in tilapia.  

Vitamins and minerals are critical to proper nutrition in tilapia and considerable research has been conducted to determine these requirements (Watanabe et al. 1997; El-Sayed and Teshima 1991; Roem, et al. 1990; Jauncey and Ross 1982).  Commercial premixes are available which allow feed makers to purchase a whole group of micronutrients rather than attempting to determine how much is available from the productivity of the system and the other ingredients (Table 5).

Table 5.  Vitamin and mineral mix used in University of Arizona tilapia diet (recommended amounts before pelletizing)

Vitamins 




 mg/kg            International Units

Thiamin           
  
 11     

Folic acid    
  
   5   

Riboflavin 

 20   

Vitamin    B12    
   0.01     

Pyridoxine
 
 11  

Choline


275          

Panthothenic acid  
 35

Nicotinic

 88          

Ascorbic acid (C) 
375 

Vitamin K     
  
 4.4   

Vitamin  A  



4,400

Vitamin  D3  



2,200

Vitamin  E    



    66

Minerals          

g/kg      

Calcium      Ca   

3.0     

Phosphorus   P    
7.0     

Magnesium    Mg  
0.5    

Iron         Fe   

0.15

Zinc         Zn   

0.20    (Note: Should not be above 0.3 (300 ppm)

Copper       Cu   

0.003

Manganese    Mn   
0.013

Selenium     Se   

0.0004

Iodine       I    

0.001

Feed Formulations
Feed manufacturers will adjust the mix of ingredients to create what are called “Least Cost Feed Formulations”.  These are formulations that use spreadsheet and database programs to examine the nutritional characteristics of many ingredients at the same time.  The program can then select the mix of ingredients that meet all the nutritional requirements at the lowest manufacturing cost.  These feeds are designed to meet a “Guaranteed Analysis” printed on the manufacturer’s label, which tells any purchaser of the feed what they can expect from the feed.

Alternative proteins -  A tremendous amount of research has been conducted to examine the use of various agricultural by-products for tilapia diets (El-Sayed 1999).  Because of the ability of tilapia to digest a wide variety of vegetative products, plant proteins can be substituted for expensive fish meal or other animal based proteins (Viola et al. 1988).  Plants such as duckweed (Fasakin et al. 1999), Azolla (Naegel, L. 1997), algae (Nwachukwu 1997), soybean (Shiau et al, 1990) coffee pulp (Ulloa Rojas 2002; Ulloa Rojas and Weerd 1997) have been tested.

Spoilage – Tilapia have a low tolerance for aflatoxin.  Prepared diets held in hot humid environments in tropical countries are easily spoiled.  Fungal growth in wet feeds spreads quickly and can result in either acute or chronic toxicity.  Fungal growth in grains that are milled to become ingredients is another avenue for aflatoxin poisoning.  Low cost identification kits can be used to survey for contamination.  Rancidity of oils in feeds is another spoilage factor which feed handlers must inspect for.

This is meant to be only a short introduction to tilapia nutrition.  Specific nutritional needs vary by species, age of fish, production system, and salinity.  A wealth of information is available and feed manufacturers have developed considerable expertise.  Tilapia nutrition is critical to further increases in efficiency and profitability for both the small producer growing for personal consumption and the large producer involved in international trade.

Diseases and Predators  

Tilapia are hardy fishes but they are still susceptible to opportunistic pathogens.  When fish are subjected to environmental or physiological stress their defense mechanisms may not be able to withstand infections.   The mucus coating is especially important to protect the fish from fungal and parasitic infections. When mucus production is reduced, the amount of slime sloughing off is decreased along with the ability to carry away the entrapped pathogens.  Plumb (1997) and Alceste (2002) provide more thorough reviews of diseases.

Viral -  The few reports of viral infections of tilapia (Paperna, 1973; Chen et al., 1985; and Avtalion and Shlapobersky, 1994) have been isolated instances and have not had an impact on commercial tilapia production.  However, Alceste and Conroy (2002) make the point that as commercial production continues to intensify and recirculation units become more common, the potential for serious viral infections increases.    

Bacterial – Infections caused by Streptococcus iniea have been the most damaging for commercial aquaculture.  This bacteria has been reported primarily from recirculating culture systems and very intensive cage or flow-through systems (McNulty et al., 2003; Shoemaker and Klesius, 1997; Perera, et al., 1997).  Poor water quality is almost always a contributing factor.  Symptoms include lack of appetite, erratic swimming behavior, and hemorrhages in the fins.  Mortality rates can be very high in affected populations, although the fish will respond to anti-biotics.  Hemorrhagic septicemia is a condition caused by one or more bacteria including Aeromonas hydrophila, Edwardsiella tarda, Peeudomonas fluorescens, and Vibrio spp.  Symptoms include hemorrhages at the base of fins, exophthalmia, and darkening of skin.

Mycotic  - In cold water conditions, tilapia are susceptible to Saprolegnia spp. fungal infections.  Tilapia species have varying levels of cold tolerance, but in all cases as temperatures drop the fish will be more likely to be stricken.  Fungal infection from cold water is a chronic condition seen in fish held just above the lethal limit.  The fungus appears first on body areas that have minimal production of body slime or where the body slime may have been rubbed off from handling.  Dorsal surfaces of the head and along the caudal peduncle are the most frequent sites, with white cottony colonies (mycelium) being visible.   Salt and potassium permanganate treatments will slow the fungal growth, but the primary cure is elevated water temperatures.   Saprolegnia also attacks eggs in artificial incubation systems. Typically, dead eggs will become infected and then the fungus will spread to live eggs.  Maintaining warm temperatures, keeping eggs in motion and prompt removal of all dead and infected eggs are the best control measures.  In extreme cases, iodine or potassium permanganate may be used to remove fungus.

Parasites – Tilapia are susceptible to most of the common warm-water protozoan and crustacean parasites.  A common sign that parasites are affecting the fish is scratching or flashing.  A fish trying to dislodge parasite will approach a solid object in the culture unit and then rapidly swim by and scrape against the surface.  The fish will often turn on its side to accomplish this with light flashing off the lighter ventral surfaces of the body.

Flagellates - Ichthyobodo necator is found primarily on smaller fish that have been stressed in the hatchery or nursery system.  Piscinoodinium pillulare is another flagellate that is most frequently found on the gills.  A 25 ppm formalin bath is the most frequent method used to control flagellates.

Ciliates – Ich or White Spot, caused by Ichthyophthirius multifilis, can be identified by the large white cysts that form on the skin of infected fish.  Without treatment, lesions will eventually form and fish will die.  Chilodonella and Tricodina are additional ciliates that attack stressed fish, especially in water with large amounts of organic matter.  Both ciliates are most common in the gills and skin of the fish.  Improved water quality and formalin baths are most effective for control.

Salt water parasites – The rapid expansion of tilapia culture into brackish and marine waters has been accompanied by infections from marine parasites.  Amyloodinium ocellatum, a ciliate, and Neobenedenia melleni, a monogenean, and Caligus spp., a copepod, represent the most severe disease problems in saltwater culture.   In each case, the most effective treatment appears to be freshwater baths.  Some farms use a freshwater dip or bath as a preventative measure, others will wait for a problem to appear and then treat the fish with a freshwater dip.    

In nature, tilapia are common prey for any larger predatory fish, reptile or bird.  On farms, birds are the most common predators.  Commercial farms have tested propane cannons, and other avoidance systems, but the only long-term solution seems to be installation of bird netting to cover ponds, tanks or raceways.

Off flavor and harvesting

Off flavor has been a major problem for tilapia producers in pond culture. Monitoring for off flavor is a process that begins before harvest and continues throughout processing.   Fish from ponds are most likely to have accumulated geosmin and/or methylisoborneol (MIB) at levels that would impart objectionable tastes and/or odors.  However, intensive recirculating systems have also been known to develop off-flavors.  The most common method for determining if fish is off-flavor is to cook a freshly cut fillet in a microwave oven.  Some testers will cook the fillet inside a paper or plastic bag to concentrate any odors.  The odor may be obvious just by smelling the contents of the bag.  Otherwise the taste tester will eat some of the fish to detect off-flavor.  Some testers have the ability to detect geosmin and MIB at levels of 4 or 5 parts per billion. 

Fish are normally sampled a week before a tentative harvest.  If detected, the standard method to eliminate off-flavor is to place the fish in clean flowing water for several days.   This is normally sufficient to allow for elimination of the offending compounds.   Taste testing will be repeated to insure the fish is free of off-flavors.  Most processors will repeat testing at several points in processing as part of their quality control.

Tilapia harvesting varies considerably depending upon the culture system.  Ponds are normally partially drained and then harvested by use of a seine.  The fish may be lifted out by hand or with a large scoop net, often suspended from a crane or back-hoe.  More sophisticated ponds and raceways may use a harvest box that concentrates fish for removal using nets or baskets.   Cage culture typically uses a large bar placed across the top of the cage.  One side of the cage will be pulled up and over the bar concentrating the fish in the increasing smaller part of the net.  The process continues until the fish are concentrated into one corner where they can be lifted out by hand or scoop net.  The largest farms may use fish pumps or other mechanical means to remove fish.  Many farms will use graders to separate harvest size fish and either leave small fish in the production system, or remove them to another production unit.

Most major farms now incorporate a depuration stage between harvest and processing.  This is normally a specially designed pond or tank system designed to clear the fish of off-flavors and eliminate materials from the gastro-intestinal system.  Purging fish in this manner may lead to a 4% loss in weight.   This may be a significant additional cost for the grower, but it greatly reduces the chances of off-flavor, reduces the amount of fish waste in the transport water and reduces the threat of contamination of product with fish waste. 

Most fish are delivered alive to the processing plant to assure the highest quality of the processed product.  At larger, fully integrated farms, the processing plant may be on-site and fish may be delivered by flume or other mechanical means.  When delivered from a remote farm, fish are delivered in live haul truck.  Crude live haulers may utilize an open top canvas bag suspended by rails on a stake-bed truck.  More sophisticated haulers use specially designed fish hauling boxes equipped with aerators and/or compressed or liquid oxygen.   In all cases it is important to deliver fish to the processing plant alive and with a minimum of physical damage.  Some farms will begin chilling fish, but most will deliver fish at ambient temperatures.

Byproducts – Skins have become the most valuable byproduct from processed tilapia.   There are three primary markets.  First, skins have been used to make a variety of leather goods.  In Brazil, several companies have extensive product lines including clothing and accessories. The second market is as a snack food.  De-scaled skins can be cut into thin strips and deep fried. These are especially popular in Thailand and the Philippines.  A third market for skins is as a pharmaceutical product.  European companies are substituting material from tilapia skins for mammalian products for the gelatin used to make time released medicines.

Another by-product is the trimmings and heads. Heads are used for soups in some countries.  Post-ocular and throat muscles can be recovered and used for ceviche and other preparations using small amounts of meat.  Recovery of flesh through de-boning of pin bone cuts and skeletons can provide a base for fish sticks or other highly processed forms.   Carcasses, heads and trimmings can be used for animal feeds, especially hogs.

Tilapia processed in the U.S. - The market for tilapia in the U.S. has grown at an incredible rate for 20 years.  124 million kg of global production was bound for U.S. consumption in 2002.  In 1980, the primary form of tilapia available on the market was live fish, grown on a handful of farms scattered across the U.S.  Most of these fish were live-hauled to Asian and other ethnic markets.  Today these are still the primary markets for over 9 million kg of U.S. grown fish.  However, several pioneers who saw the potential for processed tilapia have operated small processing facilities supplying U.S. customers.  A larger number have tried to get into the processed fillet market with less successful results.  Tilapia consumption and production will continue to grow in the U.S., but large-scale processing is unlikely to be successful in the U.S.  The tilapia products being imported are continuing to improve as international growers improve their production technologies, upgrade processing lines and transportation becomes faster and more efficient.   

Markets for Tilapia
During the 1990’s, international trade in tilapia products became an important commodity in the international seafood trade.  Tilapia farming encompasses an industry based on fish introduced around the world by development agencies to feed the rural poor that now has grown to a highly domesticated livestock product with sales exceeding two billion dollars a year.  The description of the tilapia as the aquatic chicken, becomes more appropriate every day.  As in chicken farming, tilapia farming can be successful on any scale, from subsistence farmers with a few essentially feral fish in a pond, to multi-national corporations rearing highly domesticated fish with farms and processing plants in several countries.  Tilapia have been domesticated faster and to a greater extent than any other group of fish.  The hatchery technology is relatively simple and because of the ease with which tilapias can be hybridized, and the several species that readily hybridize, they have a large genetic base. Tilapia may have surpassed salmonids in production volume in 2003 and may eventually equal the carps.

World production of farmed tilapia exceeded 1,491,232 metric tons (mt) in 2002 (Fig. 5).  China is the world’s major producer and consumer of tilapia.  The Chinese mainland’s production in 2002 was 706,000 mt and Taiwan produced another 90,000 mt.  Other Asian countries produced an additional 325,000 mt.   The US is the world’s major importer of tilapia.  2002 imports were 56,337 mt with an import value of  $174,000,000.  The products were divided between frozen whole fish, frozen fillets and fresh fillets.  These products represent a live weight of 124,140 mt.  Linked with 2002 domestic production of 9,000 mt, sets the 2002 US consumption of live weight fish at 133,140 mt or 292 million pounds. Tilapia have already become one of the most important farm raised fishes and is increasingly taking its place as a major item in the international seafood trade

Small-scale tilapia production - Millions of small farmers in over 100 countries supplement their diet with occasional meals of tilapia.  Many more utilize tilapia for small enterprises including family operated restaurants.  Normally operated as a road-side stand or with a few tables and chairs, the travelers can park and the family will catch fish and prepare immediately while the customer has something to drink. The wide distribution of tilapia species in the 1900’s and their adoption by development agencies as the “aquatic chicken” has led to tilapia being available in virtually every tropical and subtropical region.  Small-scale culture in ponds and in cages in larger bodies of water is still encouraged and supported as a method of improving the diet and supplementing household income. The overall economic value is difficult to evaluate but some studies are available in specific regions. (Neira and Engle, 2001; Funez, et al., 2001; Engle, C., 1997)

Overview of tilapia produced for international trade - In the mid-1980’s the only tilapia product found in international trade was whole frozen tilapia grown and exported from Taiwan.  There have been tremendous increases in the number of producing countries who are exporting tilapia and in the quantity and quality of the processed fish.  High quality, low-cost frozen fillets from Indonesia, Taiwan and Jamaica and fresh fillets from Costa Rica, Jamaica and Colombia opened a floodgate of demand.
The worldwide supply of tilapia grew quickly in the late 1990’s (Figure 6).  The tilapia industry is currently in the middle stages of the market developments previously seen in the salmon and shrimp industries.  Commodity prices that were dependent on wild catches and seasonal availability have been overtaken by the year-round availability and quality of farm raised product.   Rapid expansion of tilapia aquaculture in over 100 countries has had the effect of depressing prices to the grower in virtually every nation.  Rapid improvements in technology, feeds, genetics and experience levels of farmers have allowed producers to reduce costs enough to remain profitable.

Table 6. Global list of significant tilapia producers.

	Producing country
	Yearly production (metric tons in 2001 or 2002)

	China
	706,000

	Philippines 
	122,277

	Mexico
	110,000

	Thailand 
	100,000

	Taiwan
	90,000

	Brazil
	75,000

	Egypt
	53,000

	Indonesia
	50,000

	Cuba
	39,000

	Colombia
	23,000 official estimate  (60,000 industry estimate)

	Ecuador
	27,000

	Costa Rica
	17,000

	Malaysia
	15,000

	Honduras
	13,000

	United States
	9,000

	Jamaica
	7,000

	Israel
	7,000

	Zimbabwe
	5,000

	Syria
	4,500

	Nigeria
	4,471

	Vietnam
	2,000

	Panama
	2,000

	Kenya
	1,000

	Jordan
	1,000

	Peru
	700

	Nicaragua
	500

	Canada
	500

	Suriname
	200

	Paraguay
	100

	Others
	5,984

	GLOBAL TOTAL
	1,491,232


US tilapia production and consumption

Tilapia production in the United States is virtually all devoted to rearing live fish for Asian restaurants and groceries. There are tilapia farms in most states supplying local markets.  There are also several clusters of farms that supply regional markets.  There is a concentration of farms in the Coachella Valley of Southern California that supplies Los Angles and San Francisco markets.  There is another group of farms in the Snake River Valley of Idaho that supply markets in Portland, Seattle and Vancouver.  A small group of farms in western Arizona supply markets in Phoenix and Tucson.  All three of these clusters of farms use low-grade geothermal waters to achieve year round growth.  The farms in Arizona and California also make use of their locations in low elevation deserts to further warm their production systems.  The farms in the west all grow their fish in round tanks are in ground raceways.  Some are covered with plastic for much of the year to further maintain temperatures, deter birds and reduce evaporation.  In California, much of the water is recycled using settling ponds.  In Arizona and Idaho, most of the water is used several times in consecutive growing units (tanks or raceways) before use for irrigation or eventual discharge to a stream.  


In the Midwest and in the Eastern and Gulf coastal states, there are a number of farms that supply local markets as well as the large Asian communities in Toronto, New York, Washington, D.C., Atlanta and Houston.  These farms utilize intensive recirculating systems that produce fish year-round.  The farms rear a mix of O. niloticus, O. mossambicus and red strains.  Some farms deliver fish with their own trucks while others depend on live haulers who cover huge areas.  Hauling live fish from farms in Minnesota or Florida to Toronto and New York is not unusual.  


Markets in the U.S. go through periodic upheavals when gluts of fish are dumped on the market.  This is usually the result of farms in financial difficulties resorting to sales at any price into established markets rather than carefully developing new markets as earlier farms have done.  Attempts to produce fish in the U.S. for the fillet market have been unable to compete with foreign products.  


Statistics released by the National Marine Fisheries Service in 2003 reported US per capita tilapia consumption of 182g (or 0.4 lbs) of tilapia per year, making tilapia the ninth most popular seafood item (Figures 7 and 8).  This per capita consumption matches closely to the national consumption figure when we calculate the conversion of whole fish to the fillets preferred by most U.S. consumers.  This corresponds to only one fish per year per capita, which leaves tremendous potential in the market.

Industry Predictions and Outlook

1. Further farming intensification in virtually every country

2. Production will be 75% Oreochromis niloticus, 20% Red strains, O. aureus and O. mossambicus mostly for hybridization

3. Use of highly domesticated strains will increase rapidly
4. Production will be 50% semi- or intensive ponds, 25% cages, 10% intensive recirculating systems

5. Leather goods from skin will become a significant contributor to profitability

6. Skins will become increasing valuable as a source of gelatin and pharmaceuticals

7. Processing and "value-adding" will intensify in producing countries 
8. Polyculture with shrimp will become common in most shrimp farming areas

9. US production will increase slowly, intensifying current production

10. Brazil will challenge China as the world’s biggest producer
11. Worldwide farmed tilapia production will surpass 1,500,000 mt in 2003 and 2,000,000 mt by 2010, if not sooner

12. Direct full-time employment in tilapia farming, processing and marketing will exceed one million worldwide.
Figure 1. Raceways used to rear tilapia in Mexico

Figure 2. Tilapia and hydroponic vegetable production

Figure 3. Rearing tilapia in cages set in irrigation ditch

Figure 4. Intensive production in tanks before irrigation of cotton with effluent

Figure 5. Global production of tilapia


[image: image5.wmf]0

20000

40000

60000

80000

100000

120000

140000

Metric tons

1986

1988

1990

1992

1994

1996

1998

2000

2002


Figure 6. 


[image: image2.wmf]Global aquaculture production of tilapia

0

200,000

400,000

600,000

800,000

1,000,000

1,200,000

1,400,000

1,600,000

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

Year

Metric tons

Aquaculture

Fishery



[image: image1.wmf]World Tilapia Production in 2003

China

46%

Taiwan Prov.

6%

Philippines

8%

Thailand

7%

Mexico

7%

Others

4%

Honduras

1%

Indonesia

3%

Costa Rica

1%

Colombia

2%

United States

1%

Brasil

5%

Egypt

4%

Cuba

3%

Ecuador

2%

Figure 7.  US Tilapia consumption (live weight in metric tons)

Figure 8.  U.S. consumption of tilapia products
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Figure 3.Increase in production
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Figure 3.Increase in production
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Figure 3.Increase in production
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Figure 5. US Production & Consu

		

				1982		1983		1984		1985		1986		1987		1988		1989		1990		1991		1992		1993		1994		1995		1996		1997		1998		1999		2000		2001		2002

		US Production (LWE)																		2700		3500		4900		5700		5900		6800		7,681		7,600		8,300		8114		9,068		8000		9,000

		Imports (LWE)																						4,414		14,645		22,161		24,147		28,077		37,000		42,545		60,865		61,790		95426		124,000

																								4,414		14,645		22,161		24,147		28,077		37,000		42,545		60,865		61,790		95426		124,000
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						1990		1991		1992		1993		1994		1995		1996		1997		1998		1999		2000		2001

						18		20		542		557		680		680		2,129		2318		2500		5751		15000		25000
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China Production

		China Production

				1980		1981		1982		1983		1984		1985		1986		1987		1988		1989		1990		1991		1992		1993		1994		1995		1996		1997		1998		1999		2000		2001

				9000		10100		12100		14300		18100		23800		29500		34800		39000		89473		126071		119852		157233		191257		235940		314090		394303		485459		525926		561794		629,182		700000
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