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ABSTRACT 

 

Continued growth of the aquaculture industry is needed in the 21
st
 century in response to increasing 

demand from inflated populations and declining wild fisheries capture.  Meeting this demand will require 

bridging the gap between industrialized countries including the United States, and developing and least 

developed countries (e.g. Mexico, Uruguay, and Uganda).  As the aquaculture industry becomes more 

globally interconnected, industrialized nations will likely be pressured to develop more sustainable 

practices which are natural resource conservative while developing countries will be pressured to increase 

production capacity and develop more intensive operations.  Albeit with many inherent challenges, a 

globalized strategic plan is needed to bridge this gap.  This dissertation identifies and discusses several of 

these inherent challenges.  Firstly, potential business models are explored with the concept of how 

information technology can be utilized to integrate small-scale farms in multi-national agribusiness and 

also coordinate multi-national supply with global demand.  Next, the economic impact of aquaculture 

development is explored.  Economic multiplying models may be utilized to predict where aquaculture 

development will have the most significant and rapid economic impact on rural communities.  Lastly, new 

systems of aquaculture technology are developed which are resource conservative and also have the 

potential to be scaled to meet industry needs.  Re-circulating integrated agriculture-aquaculture (RIAA) 

systems combine fish and plant production whereby the nutrient rich aquaculture effluent is utilized to 

irrigate plants.  The advantages and disadvantages of these experiments were discussed. While further 

research is needed to maximize the benefits of RIAA technology, the results demonstrate that these systems 

provide both economic and environmental benefits over traditional farming methods.  Ultimately, this 

dissertation explores how novel technology can be implemented in strategic locations to provide a 

sustainable food supply capable of promoting economic growth through the distribution of seafood 

products to satisfy domestic and global demand. 
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INTRODUCTION 

 
 

1.1       Aquaculture in the United States 

 

Aquaculture, a form of agriculture, is defined by the United States Department of 

Agriculture (USDA) as the production of aquatic animals and plants under controlled 

conditions for all or part of their life cycle.
1
  The number and types of species included 

under the definition of aquaculture has grown over the past several decades and now 

includes food fish, ornamental fish, baitfish, mollusks, crustaceans, aquatic plants and 

algae, and some reptiles such as alligators and turtles.  Moreover, methods and systems of 

captive production have rapidly expanded to support growing and diversifying consumer 

demands as well as declining wild fish capture resulting from restrictions imposed on 

fishing industries and decreasing wild populations.  To this end, aquaculture is frequently 

viewed as a means to meet consumer demands which cannot be satisfied with wild 

capture alone.   

Although the practice of aquaculture has a long history, only in the past century 

has this form of agriculture become recognized in the United States as an important 

source of fish and other aquatic products.  Until recently, capture from wild fisheries was 

sufficient to satisfy consumer demands and thus there was little interest in developing 

intensive development of fish farming techniques.  Early development of aquaculture in 

the United States was first stimulated by a growing interest in recreational fishing.  In 

                                                           
1
 USDA definition of aquaculture accessed on 4/28/10.  http://www.ers.usda.gov/Briefing/Aquaculture/ 
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1853, the first food fish operation was established with the captive rearing of rainbow 

trout (Bowen, 1970).  In the later 1800’s, federal and state hatcheries were built to 

propagate various game fish species for stocking public and private waters (Parker, 

1980), although it was not until the early 1950’s that large scale commercial trout 

production began in western United States.  Since the 1950’s the number and types of 

species have rapidly expanded in correlation to increased demand for fish and fish 

products.  By 2005, the Census of Aquaculture reported that farm-level sales had reached 

$1.1 billion (Olin & Subasinghe, 2006).  This is largely attributed to the fact that per 

capita consumption of fish and fish products has increased more than 25 percent since 

1970.
2
   

Four types of species that are currently captive-bred in the United States comprise 

a large majority of all aquaculture in the United States.  In order of monetary value these 

are catfish, shellfish, trout, and other stocking and food fish including salmon and 

tilapia
3
.  Non-food production of baitfish and ornamentals are also done in the US but are 

small compared to food fish production.  By far the largest sector of aquaculture is catfish 

which now accounts for over 40 percent of all sales.  Catfish are typically produced in 

open freshwater ponds with production largely concentrated in Mississippi, Alabama, 

Arkansas, and Louisiana.  By comparison, trout, salmon, tilapia, hybrid striped bass, 

sturgeon, walleye, and yellow perch combined comprise approximately 20% of all 

                                                           
2
 USDA: US Agriculture—linking consumers and producers.  Available online 

http://www.usda.gov/news/pubs/fbook98/ch1a.htm 

 
3
 Aquaculture sold: 2007 and 2002, 2007 census of agriculture, NASS, USDA, 2009. Available online 

http://www.agcensus.usda.gov/Publications/2007/Full_Report/Volume_1,_Chapter_2_US_State_Level/st99

_2_023_023.pdf 

 

http://www.usda.gov/news/pubs/fbook98/ch1a.htm
http://www.agcensus.usda.gov/Publications/2007/Full_Report/Volume_1,_Chapter_2_US_State_Level/st99_2_023_023.pdf
http://www.agcensus.usda.gov/Publications/2007/Full_Report/Volume_1,_Chapter_2_US_State_Level/st99_2_023_023.pdf
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aquaculture production by volume (USDA, 1995).  With the exception of salmon, these 

fish are normally grown in open freshwater or raceway system.  Salmon production is 

unique in that they are hatched in fresh water and then later transferred to saltwater net-

pens for final grow out.  Significant advances in technology have been achieved and 

implemented for large-scale industrial operations as a result of the intensification of the 

industry during this period of expansion. 

 Other species that are captive-bred for purposes other than human consumption 

include baitfish and ornamentals (USDA, 1995). Baitfish are produced in freshwater 

ponds, with Arkansas being the largest producer.  A large number of species of 

ornamental fish are grown in a number of environments including fresh, salt, cold, and 

warm water.  Many of these fish are bred for the aquarium industry as well as for small 

personal ponds.  Species of crustaceans produced in the U.S. include freshwater crawfish, 

mainly in Louisiana, and shrimp in brackish ponds in South Carolina, Texas, Arizona and 

Hawaii.  Farmers also grow mollusk species such as abalone, oysters, clams, and mussels, 

which are now grown in almost every coastal area.  In fact, mollusk production has 

become the second most valuable sector, just behind catfish.  Other species that fall under 

the definition of aquaculture include the farmed production of alligators (mostly in 

Florida and Louisiana), turtles, aquatic plants, and algae.  Cultivation of aquatic plants is 

primarily for edible purposes and also for wetland restoration projects and, as 

ornamentals for landscaping and in aquariums.  The best known species of algae 

production in the United States is Spirulina, which is used as an additive in health foods 

and also as a feed component for pets and ornamental fish. 
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As the industry has intensified and a growing number of species are now being 

captive-bred, aquaculture has become more connected nationally and internationally.  In 

response to this, federal and state authorities have developed regulations for oversight of 

the production, sale, and distribution of aquaculture products.  However, compliance to 

regulations is often onerous as there may be several regional specific measures.  

Therefore regulations governing aquaculture products in one state are different from 

other states’.  From a federal standpoint, trading of aquaculture goods and services 

between states, or with foreign countries is largely regulated by the Department of 

Agriculture (USDA) which includes the Animal and Plant Health Inspection Services, the 

Department of Health and Human Service (DHHS), and the Environmental Protection 

Agency (EPA).  Other regulatory federal agencies, but with less oversight include: The 

National Oceanic and Atmospheric Administration (NOAA) in the Department of 

Commerce (DOC), the Center for Veterinary Medicine in the Federal Drug 

Administration (FDA), the U.S. Fish and Wildlife Service (FWS) of the Department of 

the Interior (DOI).  

 Although these many federal agencies provide the regulatory framework for 

aquaculture regulation and guidance, as a general rule individual states have the authority 

to administer laws and regulation internal to the state.  For example, the California 

Resource Agency is the lead agency within California, responsible for the statutory 

framework of state aquaculture activities in the state.  The Agency is made up of several 

departments, including the California Department of Fish and Game (CDFG), and the 

Department of Water Resources, though the CDFG takes the lead role in regulating 

http://www.hhs.gov/
http://www.epa.gov/
http://www.epa.gov/
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California's aquaculture.   In contrast, in Arizona, the agency with leading authority for 

state-wide regulatory oversight of aquaculture is the Arizona Department of Agriculture, 

while the Arizona Game and Fish Department (AGFD) controls stocking locations.  

Another recently developing problem requiring oversight control is with the classification 

and handling of invasive species which is controlled by the Animal Plant, Health, and 

Inspection Services (APHIS). 

Like many sectors of commerce that involve the sale and distribution of goods 

and services, aquaculture is being increasingly shaped by two general trends: The 

devolution of regulatory enforcement to the states to save federal monies and a general 

trend to give back powers to the states.  In cases with multiple issues of jurisdiction 

involving state and federal authorities, federal laws always have precedence.  Yet, the 

production, sale, and distribution of farmed products is increasingly being delegated to 

individual states.  As such, regulation often differs from state to state.  In recent years this 

has become somewhat complicated as interstate and international trade require 

knowledge and compliance to several differing layers of governance.  As the industry 

transitions towards a more globally connected framework, these different laws and 

regulations will put significant strains on trading partnerships.  Addressing these 

governance constraints will become a major challenge for developing multinational 

aquaculture businesses in the 21
st
 century. 
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1.2.      Divergence in Global Aquaculture Practices 

 

On a global scale, growth in the aquaculture industry is even more pronounced 

than in the United States.  In fact, growth has occurred more rapidly than all other animal 

food production sectors since 1970, with an average annual growth rate of 8.8 percent per 

year compared to 2.8 percent for terrestrial farmed meat production systems.
4
  The 

aquaculture industry in the United States and other developed countries (e.g. Norway and 

Japan) however, remain markedly different than much of the rest of the world.  

Specifically, US aquaculture has been shaped by industrialization and commercialization 

whereas many farms in least developed and developing regions of the world are 

maintained at subsistence or extensive levels.  Subsistence level farming is the production 

and sale of only enough food to satisfy basic survival needs (e.g. food, clothing, shelter). 

Extensive level farming, though less systematically defined and more subjective, is 

generally more productive than subsistence level farming though also performed in small 

scale using non-technical equipment and it generates relatively low yields in terms of 

biomass per unit volume.   

In some cases, regional differences in aquaculture practices and standards reflect 

differences in cultural, social, and family needs.  But in many cases, small-scale 

extensive systems dominate industries throughout the world because of either 1) inherent 

challenges in the transfer and adoption of innovative practices capable of increasing 

                                                           
4
  FAO Corporate Repository:  The State of the Worlds Fisheries and Aquaculture.  2006.  Fisheries 

Resources:  Trends in production, utilization, and trade.  180 pp.  
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production yields, or 2) the technical and regulatory difficulties of coordinating supply 

with demand between local and international regions.  Successfully implementation of 

novel practices and technology in rural regions and developing countries, as well as 

coordinating supply with demand, will be major challenges for sustaining aquaculture 

growth in the 21
st
 century.  This will be especially critical as demand for seafood 

products continue to rise while wild fisheries capture stagnates or declines in many 

regions. 

In addition to meeting the challenges for increasing aquaculture supplies 

necessary to meet global demands, innovation towards sustainable production will also be 

necessary for ensuring continued industry growth over the long term.  To this end, the 

United States will likely continue to play a critical role in research and development 

towards the design and implementation of resource conserving aquaculture systems that 

are economically competitive in global markets and which minimally impact to the 

environment.  Development and transfer of such systems to new international markets, in 

addition to developing the capabilities to coordinate increased supply with growing 

demand, will likely drive industries much like that observed in the United States over the 

past century. 

 

1.3       Aquaculture Industrialization in Developing Countries 

 

Industrialization and commercialization will likely shape aquaculture 

development in developing regions throughout the world with growth trends mirroring 
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those observed in the United States during the 20
th

 century.  In particular, most food 

industries in the United States, including aquaculture, have shifted away from traditional 

practices by which individual farmers both produce and distribute food in small scale to 

local or regional markets.  Many food system industries are now industrialized operations 

in which three principal components: manufacturing, processing, and distribution are able 

to operate independently and in large-scale.  The aquaculture industry is still in early 

stages of industrialization compared to other agriculture sectors, yet the trend towards 

commercialization and de-coupling of its principal components are already well 

underway.   

Predicting the specific mechanisms by which the aquaculture industry will grow, 

based on the analysis of past market changes, is difficult as data on the aggregation and 

market concentrations of agriculture and aquaculture system components  for the United 

States have only been collected since the early 1980's with the exception of fruit and 

vegetables (Dimitri, 1999).  However, traditional agriculture markets are clearly being 

replaced by vertical integration, strategic alliances, and contracts (Rogers, 2000; 2001).  

As a result, operations for each of the three stages of food systems are becoming larger 

and more efficient, but fewer in number.  Moreover, aquaculture businesses within the 

United States are now able to operate in large-scale as they coordinate business functions 

within an industry network comprised of multiple strategic partnerships.  Such networks 

serve to coordinate supply and demand in large-scale.  Building similar business 

frameworks in developing regions of the world will likely play an equally critical role in 

the development of agriculture and aquaculture sectors.  
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With the anticipation of future development of aquaculture supporting 

infrastructures, new business model opportunities will likely develop which will further 

enhance the global connectivity of the aquaculture industry.  Already, a number of 

businesses are able to transport aquaculture products internationally to satisfy global 

needs.  In fact, the United States is a net importer of aquaculture products.  However, as 

the aquaculture industry becomes increasingly connected on a global scale, it will likely 

be transformed under multi-national business models much like those observed in 

advanced manufacturing industries (e.g. automotive industry).  For example, a Japanese 

car company operating a facility in the United States may have several components 

manufactured from raw materials in places such as Germany and Russia.  Those 

components may then be shipped to Japan where they are assembled into a sub-

component (e.g. car engine), which is then shipped to the United States.  At the assembly 

plant in the US, numerous pre-assembled components are put together to form a 

functioning car.  Another company, whose core function is distribution, can then take 

several car models assembled from different plants and brings them to a dealership who 

in turn sells the car to the end consumer.  

Though a significant number of hurdles exist, multi-national aquaculture 

businesses may begin to operate in much the same way.  For example, raw materials 

including soybeans, corn, and other agriculture products may be grown in Brazil, 

Honduras, and other countries.  These products may then be shipped to a processing plant 

in Mexico where they are formulated into fish feed and subsequently sent to a fish farm 

located within Mexico or other nearby countries.  Fish generated from the plant may then 
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be sent as whole fish to an independent processing plant where filets are generated and 

packaged.  Individual fish packages may then be sent to the United States and distributed 

to a number of restaurants, open markets, grocery stores, and shopping centers through an 

independent distribution company.  Unlike the car manufacturing example, the 

coordination of perishable product manufacturing and distribution across local and 

international regions present unique challenges that must be addressed in the near future.  

In this regard, information technology applications will likely play a critical role in 

transforming coordination efforts of the aquaculture supply chain.  In addition to helping 

facilitate a globally interconnected aquaculture industry, IT coordination of the food 

industry may also serve in the transportation of food products to regions with scarce 

availability to alleviate malnutrition. 

Maintaining the projected growth of the aquaculture industry into the 21
st
 century 

will ultimately require an internationally recognized and globally implemented strategic 

plan.  Yet even with advances in R&D, including IT innovation that connects the industry 

globally, several additional factors of sustainability must also be addressed.  Without the 

use of such a holistic approach towards sustainability, aquaculture growth will lose its 

momentum.  A strategic plan aimed at facilitating the sustained growth of the aquaculture 

industry will need to determine and implement systems which optimize environmental, 

economic, and social equity benefits.   
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1.4.      Sustainable System Production 

 

Firstly, sustainable aquaculture practices must be developed in which environmental 

impacts are minimal and which do not threaten the long-term viability of operations.  This 

will require the development of new technology and practices.   Available scientific 

evidence already suggests that expansion and intensification of some types of 

aquaculture, including shrimp and salmon, are not sustainable and pose a threat not only 

to wild fish stocks but also to industry’s own long term potential growth.  Production of a 

single kilogram of salmon or other high value carnivorous fish (i.e. tuna and cod), 

requires greater than one kilogram and possibly as much as two to five kilograms of wild 

caught fish processed into fish meal and fish oil for feed (Rumsey, 1993; Tacon, 2004).  

Thus, wild fish stocks continue to be exploited for use in feeding high value carnivorous 

fish.  Furthermore, current aquaculture systems have been shown to degrade the 

environment through habitat modification (Dieberg & Kiattismkul, 1996), and/or effluent 

discharge (Gowen & Bradbury, 1987; Hargreaves, 1998). 

 The discharge of aquaculture effluent from concentrated aquatic animal 

production (CAAP) facilities is regulated by the conditions of the Clean Water Act, 

Section 104, 33 U.S.C.  Thus, large-scale facilities typically incorporate difficult and 

costly effluent treatment procedures to comply with established effluent limitation 

guidelines (ELGs).  Clear Springs Foods Inc.‚ for example, produces more than 20 

million pounds of rainbow trout annually.  The amount of effluent produced is 

comparable to a small city such as Twin Falls, Idaho.  The treatment of aquaculture 
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effluent from CAAPs often involves dilution, however discharging large amounts of 

diluted aquaculture effluent, even though it satisfies ELGs, is problematic and the 

resulting negative effects on the environment will continue to intensify in the future if left 

untreated.   

Effluent is laden with uneaten fish feed and fecal material, which is high in 

nitrogenous nutrients (e.g. ammonium and nitrate).  The amount of nutrients in effluent 

discharge is proportional to the quantity of fish in the production system.  Thus, as the 

aquaculture industry progresses towards large-scale monoculture systems, the resulting 

negative impacts on the environment will continue to increase both in the United States 

and elsewhere.  Discharging effluent with nitrogen concentrations that exceed the 

assimilative capacity of surrounding environment reduces water quality, which can 

become toxic to native wildlife  (Primavera, 1993; Hargreaves, 1998).  Moreover, 

sedimentation of food particles and fecal pellets under and around fish pens and cages 

(Gowen & Bradbury, 1987; Hargreaves, 1998) negatively affects the biogeochemistry of 

benthic communities (Ervik et al., 1997), and may result in a shift in species composition.  

Treatment of aquaculture effluent is therefore one environmental concern that must be 

addressed in a cost-effective manner. 

Another environmental concern in aquaculture development is the use of natural 

resources, including fresh water.  The rate of natural resources use must not exceed the 

rate of natural replenishment over long periods of time.  Many field based agriculture 

practices in the United States currently utilize water drawn from natural aquifers (e.g. 

Ogallala aquifer).  Some of these practices will not be able to continue at their current 
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capacity without changes, as the surface levels of these underground water basins are 

slowly declining because the rate of water extraction is greater than natural recharge 

(White, 1994).  These water sources will not be able to support the continued intensive 

production of current large-scale field applications over the long-term.  Thus, the 

development of water conservation technology is warranted to sustain agriculture 

production for future generations.   

Sustainable aquaculture technology and practices must also be developed with 

consideration of projected economic gains.  More specifically, aquaculture systems must 

allow farmers to generate sufficient produce to be exchanged for monetary profits that 

cover basic living needs (e.g. food, shelter, housing, etc.,) as well as operational costs.  

By doing so, farmers can generate sufficient revenues to cover both short-term and long-

term costs and thus be able to continue operations over the long-term.  One consideration 

for reducing operational costs is material selection.  When designing systems for rural 

areas in developing or least developed countries, suitable materials must be relatively 

inexpensive, easy to obtain, and easy to maintain.  As an alternative to growing fish in 

pools for example, fish may be reared in relatively shallow hand-dug pits fitted with a 

liner.  This form of simplified technology has been used effectively around the world.  

Many plant species may be cultivated in similarly hand dug pits.  Though an integrated 

aquaculture system could potentially be established with locally available resources, a 

small start up cost is expected.  However, recouping initial costs is rapid, and payback 

periods are short, as both fish and plants grow rapidly and may quickly be sold upon 
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harvesting.  The Return on Investment (ROI) can also be relatively high thus mitigating 

investment risk.   

Lastly, and most often not addressed in sustainable practices, is social equity.  To 

be sustainable, agriculture practices must be led by groups of people which together 

establish a system of checks-and-balances.  No one person in an agriculture operation 

should have the power to make all strategic decisions, a practice that has often been 

demonstrated to lead to poor management and/or corrupt decision making.  Sustainable 

practices operate most efficiently when the labor and benefits are divided fairly, which 

facilitates dedication and encourages workers to engage a common goal.  Only with a 

dedicated and engaged workforce will an agriculture operation perform optimally in 

which the input resources (e.g. natural resources, financial capital, and human capital) are 

converted to food production with minimal leakage or losses. 

In terms of social benefits, one of the most effective transfers of technology to 

developing regions occurs when the systems are maintained by entire communities rather 

than individual families.  Daily maintenance tasks, for example (e.g. feeding fish, 

planting, weeding, and watering the plants), can be divided among community members.  

As a result, produced food and generated revenues are divided among the entire 

community rather than a few individuals.  Furthermore, women performing agriculture 

work are generally accepted in societies of developing regions.  Hence woman may 

significantly contribute to improving socio-economic conditions by maintaining large 

aquaculture systems.  Improving gender equity will be a key component to maintaining 

the growth of the aquaculture industry in the 21
st
 century.  Women have demonstrated 
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their ability to independently regulate social groups who successfully operate aquaculture 

farms.  Further encouragement of these collective group practices in developing countries 

will likely generate further success in developmental aquaculture, especially in rural 

regions. 

 

1.5.      Bridging the Gap with Integrated System Farming 

 

The transfer and adoption of new technology will likely help to mitigate the emerging 

gap between industrialized operations and extensive and subsistence level systems over 

the 21
st
 century. Yet the development, implementation, and adoption of sustainable 

practices will be especially challenging as generated revenues of mass production are 

typically higher than those obtained in more sustainable operations.  Intensive 

aquaculture production is driven by mass-market economics.  For the potential benefits of 

sustainable aquaculture businesses to become realized, the cost of production must be 

lower than those of intensive monoculture systems and production must be large-scale.  

Therefore continued pursuit towards sustainable large-scale intensive operations that are 

economically competitive in global markets is warranted.  

In recognition of the negative impacts of intensive single-species aquaculture 

systems on the environment, and opportunities to expand into new markets, scientists 

have begun conducting research on the simultaneous production of multiple species, 

called polyculture.  Integrated polyculture production, for example, combines agriculture 

and aquaculture practices to produce both plant and fish species.  Integrated systems have 
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been practiced for thousands of years in many rural regions throughout the world (e.g. 

China, Indonesia, and Africa).  Yet, scientific analysis of the benefits of these systems 

has only recently begun.  Interests are now largely focused on developing integrated 

systems on a commercial scale. 

Integrated systems are designed such that nutrient rich aquaculture effluent is 

used as a water source for the plants.  These systems are particularly advantageous in 

terms of nutrient utilization as nitrogenous wastes produced by the fish are utilized by the 

plants for growth (Edwards, 2004).  By efficiently utilizing nutrients, integrated systems 

have the potential not only to be highly productive, but also help mitigate effluent 

discharge and the resulting negative impacts on the environment (Costa-Pierce, 1998; 

Costa-Pierce, 1987; Brown et al., 1999; Chung et al., 2002).  Furthermore, producing 

multiple species on small-scale farms has the advantage of diversifying the product for 

improved income as well as providing a more diverse diet to local communities.  

 One particular form of sustainable practices with promising potential for wide-

scale implementation is hydroponics.  Though various hydroponic techniques exist, many 

commercial operations in the United States operate under similar design principals.  

Firstly, hydroponic operations are often conducted in a greenhouse environment.  

Because the environment is enclosed and regulated, the use of chemicals including 

pesticides and harmful fertilizers is minimized.  In fact, many hydroponic growers ban 

the use of pesticides entirely, instead utilizing integrative pest management solutions 

including biological-predatory controls.  Secondly, these systems are closed re-

circulating systems.  Water used to irrigate the plants is collected and re-utilized.  Water 
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is only added to account for water lost through evaporation and transpiration.  Thirdly, 

many systems contain plants that are imbedded in Styrofoam trays that float upon an 

aqueous medium.  The roots of the plants are allowed to grow submerged into the 

nutrient-enriched aqueous medium, stimulating plant biomass production.  Lastly, 

because of the technological innovation and intensiveness of the operations, large-scale 

hydroponic facilities often require significant capital investment, highly skilled labor, and 

experienced knowledgeable management.   

The application of this technology in the United States has been relatively 

successful as hydroponic food is often marketed and sold as a premium product.  

Especially in developed countries of the world, particular food items are slowly being 

differentiated from commodity products as a result of increasing and diverging consumer 

demands.  In some cases producers of hydroponic crops are able to obtain higher profit 

margins than many traditional field-based agriculture producers as a result of being sold 

as a premium product.  This has allowed hydroponic producers to operate and generate 

sufficient revenues even in the absence of government subsidies.  In addition, food can be 

efficiently cultivated year-round in greenhouse environments, even in regions where this 

is not typically feasible for most crops (e.g. production of vine tomatoes in Mexico).  

Therefore, consumers as well as the workers are able to realize the benefits of hydroponic 

systems year-round.   

While hydroponic systems will continue to grow in the United States, they are not 

expected to completely replace traditional land-based agriculture applications.  This is 

evidenced by the fact that the largest land based farm operations have been rapidly 
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expanding.  Approximately, 90% of all produce is now generated by only 10% of all 

farms (Rogers, 2001).  Large-scale farms are being created through mergers and 

acquisitions and despite having relatively small profit margins; they are able to continue 

their operations through economies of scale (Rogers, 2000). Significant barriers to entry 

exist for hydroponic businesses entering the oligopoly market with few but large 

incumbent firms.  Subsidies to these large farms have allowed them to maintain profit 

margins despite increasing utility costs from water and electricity.  Government-based 

subsidies have not been instituted to any large extent for new entrants into the agriculture 

industry including hydroponic growers.  As a result, the expansion of the hydroponic 

industry has been limited (Rakocy, 1999). 

The large-scale implementation of sustainable agriculture technology will not be 

implemented in the United States without stronger economic incentives.  For example, 

hydroponic produce may be sold as a premium product and thus generate higher profit 

margins, but only in relatively small niche markets.  Hydroponic producers cannot 

compete with large-scale field based producers who maintain relatively low operating 

costs due to economies of scale and granted subsidies (Rakocy, 1999).  As a result, 

hydroponic and other sustainable production systems have not been able to expand into 

the broader consumer markets.  Moreover, large-scale field based producers will likely 

continue to dominate the industry until the cost of utilities (e.g. water and electricity) or 

labor outweigh generated revenues.  Until that time, innovative sustainable practices will 

not likely be implemented in large-scale.  
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The potential to develop and implement sustainable agriculture practices in 

developing countries of the world is greater than in the United States.  This is likely for 

three reasons; 1) the barriers to enter new markets are significantly less, 2) operating 

costs are lower due largely to the cost of labor, and 3) capacity for trading with developed 

nations is rapidly progressing as a function of better distribution capacities, technical 

innovation, and trade agreements.  The following argument supports the development of 

sustainable agriculture production in Mexico as an example of promoting sustainable 

agriculture practices in developing countries.  Firstly, despite having a significant rural 

based agriculture production economy, Mexico remains a net importer of agriculture 

products.  Because local production does not currently satisfy local demand, and 

assuming that locally produced agriculture products are cheaper than imported products, 

there is likely an opportunity to expand the local agriculture industry.   

Secondly, opportunities to increase bilateral and multi-lateral trading are rapidly 

evolving and supporting more robust product export industries.  Up until recently the 

opportunities to expand into broad markets including the United States has been limited 

because of a lack of federal trade agreement promoting free trade between member 

nations.  As a result of the creation of the North American Free Trade Agreement 

(NAFTA) in 1994, the capacity for trading with the United States has begun to rapidly 

progress.  For these three reasons, farmers in Mexico may be able to develop and 

implement sustainable agriculture technology.  Generated produce could then be shipped 

in large-scale to the United States, where it would be competitively priced against 
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domestic food products.  In this manner, the production of food would be both 

sustainable and competitively priced for large-market distribution.   

 

1.6.      Innovation and Implementation of Sustainable Aquaculture Designs 

 

While integrated hydroponic designs have promising application for the 

development of the aquaculture industry in the 21
st
 century both in the United States and 

internationally, relatively few plant species can tolerate the stress of growing submerged 

in an aqueous medium.  Therefore new methods, or adaptations of existing technologies, 

are warranted in pursuit of low-cost integrated aquaculture systems.  To minimize the 

negative impacts on the environment, while establishing cost-effective effluent treatment 

methods, an integrated aquaculture-agriculture program has been established at the 

University of Arizona.  The aim of this program is to evaluate several components of 

integrated aquaculture-agriculture systems with the aim of identifying the optimal 

parameters for industry implementation.  Because an optimized system is dependent upon 

specific local conditions, several experiments will be run with consideration of regional 

needs in terms of economical, environmental, and social equity benefits.  The purpose of 

this dissertation is disseminate the information learned through this program.  The overall 

focus is to address some of the challenges that must be addressed for the continued 

expansion of aquaculture in the 21
st
 century.  While the factors considered in the present 

research program are not exhaustive, this dissertation approaches the development of the 

aquaculture industry from a holistic standpoint.  This type of approach will be necessary 
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for government programs and large-scale project coordinators who seek to implement 

high impact, global strategic plans that will bridge the gap between aquaculture practices 

in the United States and other countries throughout the world. 

This dissertation is divided into a series of chapters.  The first chapter addresses 

new business concepts which can utilize information technology in the coordination of 

multi-national food system industries.  The second chapter looks at comparative 

economic impacts of aquaculture development in rural communities in the United States, 

Uganda, and Mexico.  The next three chapters (three to five) are devoted to the 

development of novel integrated aquaculture systems and how these systems function as 

resource conserving yet economically competitive systems.  The final chapter, chapter 6, 

looks at the functions the United States can perform to help coordinate domestic and 

international aquaculture needs.  In summary, the aim of this dissertation is to address 

how the United States can facilitate innovation and technology advancement in the 

development and implementation of agriculture technology capable of generating a 

sustainable food supply necessary for global populations and also as a means of 

generating economic development in rural regions. 

. 
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OPERATIONAL MANAGEMEMENT IN MULTINATIONAL FOOD 

INDUSTRIES 

 

2.1.     Abstract 

The agriculture industry has rapidly increased over the past 50 years as its three principal 

components: manufacturing, processing, and distribution have become desegregated into highly 

efficient industrialized operations.  The continued expansion of the agriculture industry on a 

global scale, however, has several inherent challenges.  Efforts are now being made to generate 

multinational agribusiness alliances to create viable agriculture business models that are globally 

competitive and which facilitate the development of sustainable food production at the 

international level.  Recent advances in information technology, transportation services, and 

political trade reforms have eliminated many barriers which have historically impeded the 

possibility for developing multinational food industry alliances.  However, developing 

multinational agriculture businesses requires a detailed understanding of national and regional 

economic, political, and biophysical environments.  In addition, importing and exporting food 

across national boundaries requires proper certification.  Obtaining proper certification for 

perishable food items such as meat products is difficult and time consuming, especially for small 

agribusinesses, and has impeded their export of food to international markets.  The aim of this 

paper is to 1) discuss the importance of collecting, assimilating, and disseminating information 

regarding frequently changing political, biophysical, and economic environments using the 

concepts of the 24-hr knowledge factory and 2) provide a case study of how these concepts are 

utilized in operating a multinational aquaculture alliance.  Ultimately, this paper identifies a 

viable agriculture business model which is globally competitive and facilitates the development 

of sustainable food production at the international level. 
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2.2.     Introduction 

  

Food system industries are comprised of three principal components: 

manufacturing, processing, and distribution, which together characterize the product life 

cycle from the processing of raw materials to the end user. Over the past century, food 

industries in the United States have shifted away from traditional practices by which 

individual farmers both produce and distribute food in small scale to local or regional 

markets.  Now, food system industries are industrialized operations in which 

manufacturing, processing, and distribution operate independently and in large-scale.  

Unfortunately, collected data on the aggregation and market concentrations of these 

system components since the early 1980's are surprisingly limited in United States with 

the exception of fruit and vegetables (Dimitri, 1999).  However, traditional agriculture 

markets are clearly being replaced by vertical integration, strategic alliances, and 

contracts (Rogers, 2000, 2001).  As a result, operations for each of the three stages of 

vertical food systems are becoming larger and more efficient, but fewer in numbers.   

 Industrialization and specialization of the food system industry in the United 

States will continue to satisfy the increasingly diverse market demands of a growing 

population.  However, several limitations will likely challenge the continued expansion 

of the agriculture industry in future years: global warming is resulting in an increasingly 

stochastic environment; water resources (including the Ogallala aquifer located under the 

Great Plains) are being rapidly depleted; and farmers are being pressured to compete with 

cheaper foreign markets.  Growth of the agriculture economy in the United States, will 
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likely decline as current production practices are not sustainable at their current capacities  

(White, 1994).  Alternative agriculture strategies are now being sought to ensure the 

continued stability of the agriculture economy and the safety of the national food supply.  

One potential solution to ensure the continued safety of the agriculture industry is 

to form cooperative strategic alliances with current agriculture producers in a number of 

localities around the world.  In this sense, food system industries will likely become 

further globally interconnected with manufacturing centers located throughout the world 

able to cooperate and coordinate international agriculture supply with global demand.  

Agriculture alliances may also be sought as a means to generate a significant source of 

income for emerging economies. Strategic alliances would also result in the generation 

and shipment of cheaper agriculture product to international markets, including the 

United States.  However, several obstacles are presented in creating a viable synergistic 

business relationship between food growers in the United States and several countries 

around the world.  In this paper, a theoretical agriculture industry is explored as an 

alliance between agriculture producers in the United States, Mexico, Chile, and Uganda 

and is evaluated with consideration of the potential economic, political, technological, 

and environmental barriers. 

 The United States, Mexico, Chile, and Uganda were specifically chosen both 

because of their strategic global positions and importance to the aquaculture industry.  

Despite existing industrialized food industries in each of these regions, significant growth 

would likely occur as a result of taking part in a multinational food industry network.  In 

addition to stimulating agribusiness growth through economies of scale, multinational 
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food industries would provide food security to regions under climatic environment 

constraint.  For example, in the event of a food shortage resulting from a natural disaster, 

the United States would be able to import agricultural products from its international 

partners.  Also of importance, a multinational alliance operating across longitudes would 

allow agribusinesses to utilize different time zones to work synergistically throughout the 

day.  Using this concept, agriculture experts would be able to continually collect, 

assimilate, and disseminate information over a 24 hour period which will be increasingly 

necessary in complex multinational businesses in future years.   

The creation of an efficient multinational agriculture alliance is dependent upon a 

detailed understanding of each country’s and surrounding regions’ economic, political, 

and biophysical environments.  Moreover, these local environments are in a continual 

state of change. Thus, multinational agribusinesses must rely on a high degree of 

networking and transparency in order to continually assess and compare regional 

environments and markets.  To satisfy these conditions, the multinational agribusiness 

model in the present paper emphasizes the continuous free exchange of information 

between the business partners.  In the first part of this paper, the importance of collecting 

and disseminating information regarding regional political, biophysical, and economic 

environments are discussed in terms of a global food system industry.  In the second part 

of this paper, a case study is presented in which the concepts of the 24-hr knowledge 

factory are utilized in a multinational aquaculture alliance between the United States, 

Mexico, Chile, and Uganda.  Ultimately, this paper identifies a viable agriculture 
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business model which is globally competitive and facilitates the development of 

sustainable food production at the international level. 

 

 

 

 

 

 

Figure 1: Illustration of global distribution of agribusiness.  Axes are equator and prime meridian.  

 

 

 

 

2.3.     Utilizing the 24-hr Knowledge Factory in Multinational Agriculture Industries 
 

  

The United States, Mexico, Chile, and Uganda were included in a theoretical 

international food industry alliance both because of the importance of their aquaculture 

industries and their strategic global positions (Fig. 1).  These countries range across 

latitudinal and longitudinal scales and thus differ in both time zones and seasonal climate.  

At 12:00 hrs central standard time in January for example, the United States is in the 

middle of a winter day, while the local time in Chile is 13:00 hrs and the season is 

summer.  At the same time, Uganda is just beginning its night at 20:00 hrs (Table 1).  

Based on this concept, the United States, Mexico, and Chile would be able to individually 

gather pertinent information about the region’s political, climate, and economic 



42 
 

 
 

environments in the standard 8 hour work day.  Then at the end of the work day, this 

information can be sent to Uganda, where the work day is just starting.  In Uganda, the 

information sent from the United States, Mexico, and Chile can be assembled and 

assimilated to similarly collected data pertaining to the regional environments throughout 

Africa.  At the end of the work day in Uganda, the compiled information can be sent back 

to the United States.  Thus, at the start of the next business day, a full comprehensive list 

of pertinent information from all participating countries in the multinational alliance 

would be available in the United States.  Daily management decisions could then be 

made from this knowledge pool. 

 

Table 1:  Reference chart for local time in several regions involved in 24 hr knowledge 

factory.  Times are equilibrated to 12:00 hrs Central Standard Time on Jan. 1, in the 

United States 

Country Local Time Season 

United States (Tucson) 12:00 Winter 

Mexico (Mexico City) 11:00 Winter 

Chile (Santiago) 13:00 Summer 

Uganda (Kampala) 20:00 Winter* 

*Kampala is situated just north of the equator. Thus on Jan. 1, Uganda is in the winter season.  However, 

seasonal variation is modest and agriculture year round. 

 

Despite several potential advantages, food system industries have not historically 

been able to operate across large distances because of existing political, technological, 

biophysical, and economic barriers.  However, recent improvements in information 

technology, transportation services, and political trade reforms have eliminated many of 
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these barriers and are significantly increasing the possibility for developing multinational 

food industry alliances.  International agribusinesses however, must develop a means of 

collecting and disseminating information about local political, economic, and climatic 

environments as it pertains to a multinational food industry alliance.  From this 

information, companies may be able to make best management decisions which optimize 

profit margins. 

 

2.3.1.   Political environment 

 

To realize the benefits offered through a multinational food industry alliance, 

agribusinesses must continually collect and assess information on the internal and 

regional political environment.  The development of international food trade networks, 

for example, has been driven in part by trade liberalization at multiple scales.  At the 

global level, the General Agreement on Tariffs and Trade (GATT) was created under a 

treaty between 23 countries as part of the Bretton Woods Conference in 1944.  The aim 

of this treaty was to reduce international trade barriers through the reduction of tariff 

barriers, quantitative restrictions, and subsidies.  Mitigating trade barriers for agriculture 

products were specifically addressed under the GATT during the Uruguay rounds from 

1986-1994 and the resulting Agreement on Agriculture (AoA) was put into effect with 

the establishment of the World Trade Organization (WTO) in 1995 (Hathaway & Ingco, 

1996).  The four countries included in the multinational agribusiness model in the present 
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paper are all members of the WTO and thus may benefit under the three pillars of the 

AoA: domestic support, market access, and export subsidies (De la Torre Ugarte, 2007). 

 Although the WTO offers many potential advantages to participating countries, 

the AoA is often criticized for reducing tariff protection for small-scale farmers while 

allowing developed countries to provide farmers with large subsidies.  This 

disproportionate use of subsidies has alienated many least developed countries (LDC's) 

from realizing the benefits offered under the WTO (Blackhurst et al., 1996).  To curb this 

inequality, many countries have internally reduced trade barriers by developing internal 

structural adjustment programs which emphasize currency devaluation, removal of tariff 

and non-tariff barriers to trade, and reduction of export taxes.  In turn, these internal 

reforms have led to regional trade agreements such as the Mercosur or NAFTA (Whalley, 

1998). The formation of the Mercosur union in1995, between Argentina, Brazil, 

Uruguay, and Paraguay, for example, led to the rapid inflation of agriculture production 

and export in Brazil.  As a result, Brazil is now the fourth largest agriculture and agro-

industrial producer in the world.  Understanding how multinational agribusinesses can 

utilize regional trade agreements is becoming increasingly important, especially with 

LDC's which now account for over 37% and 14% of global Foreign Direct Investment 

(FDI) inflows and outflows respectively (World Investment Report, 1998) 

 Developing multinational agribusiness alliances are advantageous as the 

participating countries can take advantage of the liberalized trade agreements at both the 

global level (e.g. GATT and WTO) and at the regional level (ex. Mercosur, NAFTA).  

However, each participating country within the multinational alliance must frequently 
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update information about the political environment within the country as well as 

surrounding regions.  In turn, a knowledge pool must be generated from the collection of 

participating countries in the multinational alliance.  Best management decisions can then 

be made based on a wide body of information from multiple regions surrounding each 

participating country.  Specifically, multinational agribusinesses can determine which 

countries allow importing and exporting of food products, the cost of trade tariffs, and the 

degree of threat to the business based on political instability. 

 

2.3.2.   Biophysical Environment  

 

A successful multinational alliance between agriculture producers further depends 

on a thorough understanding of the influences of the biophysical environment on regional 

agriculture production.  The success of entire food system industries have historically 

depended on the regional biophysical environment as crop yield is largely influenced by 

climatic conditions (i.e. temperature, rainfall, soil quality). Under ideal conditions, 

farmers in the United States are able grow several crops at different times throughout the 

year.  In Colorado, for example, corn, sorghum, and barley are grown in the summer 

months while winter wheat varieties are grown in the Fall and Spring.  However, as a 

result of a stochastic environment, crop yields may significantly vary from year to year.  

Also, food processing operations are often in close proximity to the manufacturing or 

production site.  As demonstrated by California’s ranking as both the number one food 

producer and food processor (Rogers, 2000), the association between agriculture 
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production rank and food processing rank in the United States has a simple correlation 

coefficient of 0.75 (Rogers, 2001). Thus, seasonal and yearly variation in agriculture 

production due to environmental stochasticity also negatively impacts the processing 

operation economy.  Ultimately, varying crop production yields as a result of changing 

environment remains a bottleneck in a vertically integrated food system industry.  This 

significant limitation is most pronounced following environmental crises such as the mid-

Atlantic drought of 1999, and the 2002 winter wheat drought.  Low agriculture 

production during these events negatively impacted the agriculture economy as a whole.   

 Although the biophysical environment remains hard to predict over long periods 

of time, knowledge generated from a multinational agribusiness could potentially be used 

to hedge environmental constraints.  For example, during the summer growing season in 

the United States, Chile is concurrently in its winter growing season.  Thus, agricultural 

crops such as corn are grown for much of the year between the two countries; during the 

summer growing season from April to August in the United States, and during the 

summer growing season in Chile from October to February.  Using the same concept, 

different seasonal crops can be grown during the same time period between participating 

countries of a multinational alliance. For example, while corn is grown in the United 

States during the summer, winter wheat varieties may be simultaneously reared during 

Chile's winter. 

 Though multinational agribusinesses may be better situated to take advantage of 

geographic seasonal differences, regional crop yields are still affected by the local 

biophysical environments.  Thus, participating countries in a multinational agribusiness 



47 
 

 
 

alliance must collect, assimilate, and disseminate information as described in the 24-hr 

knowledge concept above in order to predict which crops should be grown in specific 

regions to generate the highest agriculture yields.  Using this system, multinational 

agribusinesses would be able to hedge seasonal supply-demand markets.  Knowledge 

generated within, as well as from and the surrounding regions of the participating 

countries of a multinational food industry alliance would be useful for coordinating 

seasonal production with global demands.  

 

2.3.3.   Economic Environment 

Agriculture economics is largely dependent upon both the availability of supply 

and market demand.  Moreover, food manufacturing (i.e. agriculture supply) is dependent 

upon the biophysical environment where as market demand is regulated in part by the 

political environment.  Agriculture economics is thus largely influenced by both the 

political and biophysical environments.   Because both of these environments can 

radically change in a short period of time, the economic environment is also in a constant 

state of change.  This is perhaps the most significant barrier to efficiently managing a 

multinational agribusiness.  In order to maximize profit margins in a multinational food 

system industry, management decisions must be made based on detailed market analysis 

of the inter- and intra-regional markets of each participating country of the multinational 

alliance. 

 To generate necessary information for managerial decision making, each 

participating business partner must gather pertinent economic information which answer 
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several questions: 1) which agriculture products are being produced regionally, 2) when 

will the products be ready for distribution, 3) what are the inter- and intra-regional market 

costs for all food products manufactured in the food system industry, and 4) what are the 

distributing costs to get products to market.  Upon collection, assimilation, and 

dissemination of this information as discussed under the concept of the 24-hr knowledge 

factory, management in the United States would be able to develop a daily balance sheet 

from which decisions could be made to maximize profit margins.  Specifically, managers 

will be able to determine which products generate the highest revenues when being sold 

to a specific market. 

 In summary, multinational agri-business alliances will likely become increasingly 

prevalent in future years as advances in information technology, transportation services, 

and political reforms make the importing and exporting of food products across national 

boundaries less difficult.  However, new challenges are being faced as the three principal 

components of food system industries (i.e. manufacturing, processing, and distribution) 

are beginning to operate across large geographic distances.  These challenges may 

necessitate the development of a fourth component in future food system industries, 

operational centers, which serve to coordinate agriculture supplies with global demands.  

In the following half of this paper, a case study is presented on a theoretical multinational 

aquaculture alliance and how the concepts of the 24-hr knowledge factory can be utilized 

to coordinate international supply with global demand.  
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2.4.     Aquaculture Production (Manufacturing) 

 

In 1980, Congress passed the National Aquaculture Act which defined 

aquaculture as ―the propagation and rearing of aquatic species in controlled or selected 

environments, including, but not limited to, ocean ranching (except private ocean 

ranching of Pacific salmon for profit in those States where such ranching is prohibited by 

law).‖
5
 Many animals and animal byproducts are included under this definition (e.g. 

finfish, crustaceans, mollusks, bivalves, seaweed), and would likely be manufactured and 

distributed by a multinational aquaculture business.  However, for simplicity, only two 

fish groups are discussed in this paper: tilapia and salmon.  These two groups are among 

the most commercially important commodities in the Americas.   

Tilapia is used as a common name for a large number of fish species within the 

cichlid tribe Tilapiini. A majority of these species represent three genera: Tilapia, 

Sarotherodon and Oreochromis., which are endemic to tropical freshwater regions in 

Africa, Jordan, and Israel (Macintosh & Little, 1995; McAndrew, 2000).  Because tilapia 

are capable of reproducing under a wide range of physical and environmental conditions, 

grow readily on wide variety of natural and prepared diets, are highly resistance to 

disease-causing agents, and are consumed as a food fish world-wide, they have been 

introduced all over the world for use in the aquaculture industry (Shelton & Popma, 

2006).  Tilapia are now commercially produced in more than 100 countries and global 

                                                           
5
 National Aquaculture Act of 1980, 16 U.S.C. 2802. Sec. 3 
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production levels are expected to increase from 1.5 million metric tones (mt) in 2003 to 

2.5 million mt in 2010, with a sales value approaching US $5 billion.
6
 

Within the four countries included in the theoretical multinational aquaculture 

alliance in the present case analysis (the United States, Mexico, Chile, and Uganda), three 

species of Tilapia are typically produced commercially: Oreochromis mossambicus, O. 

niloticus and O. aureus.  Although these species were only recently introduced to the 

Americas (ca. 1950), production levels have increased rapidly, reaching 257,000 mt by 

the year 2000. The increase in the propagation of O. niloticus during the 1990’s has 

especially contributed to the growth of the tilapia aquaculture industry.  Of the four 

countries included in the proposed aquaculture alliance, annual tilapia production is 

highest in Mexico (94,000 mt), followed by the United States (8,200 mt), Uganda (1,632 

mt) and finally Chile (0 mt; Table 2).   These regional differences are correlated to the 

differences in the biophysical environment, export and trade tariff barriers, and perhaps 

most strongly the cost of production (Table 2) 

 

 

 

 

 

                                                           
6
 FAO Fisheries and Aquaculture Department. Cultured Aquatic Species Information Programme. 

http://www.fao.org/fishery/culturedspecies/Oreochromis_niloticus#tcNB0112 
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Table 2:  Tilapia production and associated costs of production in the Americas and 

Uganda.  Data from Fitzsimmons, 2000.  Used with permission. 

 

Country 

Production yield  

(mt/year) 

Year Cost of Production 

US$/kg 

Mexico 94,000 1996 1.30 

Brazil 30,000 1997 1.10 

Cuba 35,000 1998 NA 

Columbia 18,000 1998 NA 

Ecuador 2,000 1998 1.10 

Costa Rica 6,000 1998 1.20 

United States 8,200 1999 2.00 

Chile 0 1998 NA 

Uganda
7
 1,632 2000 NA 

 

In addition to tilapia, salmonids are another important sector of American 

aquaculture.  Salmonids include the families Oncorhynchus (e.g. Oncorhynchus mykiss: 

rainbow trout) and Salmo (e.g. Salmo salar: Atlantic Salmon).  In contrast to tilapia, 

salmon are carnivorous and require animal protein in their diets.  Moreover, the inclusion 

of animal protein in the feed raises the cost of feed manufacturing, which in turn 

increases the cost of animal manufacturing and ultimately market costs.  Thus salmon, in 

comparison to tilapia, are often considered a premium product and typically are more 

costly to the consumer. Salmon also differ from tilapia in that they grow best at colder 

water temperatures.  Whereas salmon are grown at water temperatures of approximately 

10°C, tilapia can achieve high growth rates at temperatures of up to approximately 30°C.  

                                                           
7
 FAO: Fisheries and Aquaculture Department, National Aquaculture Sector Overview: Uganda 

http://www.fao.org/fishery/countrysector/naso_uganda 
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These optimal temperature-growth regimes largely dictate the regions in which tilapia 

and salmon can be commercially produced.  For example, salmon will not likely be 

grown in arid regions such as Uganda or Mexico because of the high costs of maintaining 

water temperatures at 10°C.  Of the four countries in the proposed multinational 

aquaculture alliance, salmon are only produced in Chile and the United States.  Annual 

yields for these regions are 500,000 and 16,000 mt respectively.   

 

2.5.     Aquaculture Distribution (Import and Export) 

  

The United States, Mexico, Chile, and Uganda all have established aquaculture 

manufacturing industries.  However, analysis of the product import and export industries 

between these countries and the surrounding regions suggests there is tremendous 

opportunity for growth of the aquaculture sectors in the countries participating in the 

proposed multinational alliance.  A summary of the export and import industries for 

tilapia and salmon are described below.  

The United States is a net importer of both tilapia and salmon.  For tilapia, the 

United States produced 8,200 mt while it imported 158,000 mt of fillets in 2004 (both 

fresh and frozen
8
; Table 3).  For salmon, (Oncorhynchus mykiss and Salmo salar) the 

U.S. produced 32,000 mt
9
  and imported 243,000 mt in 2007.

10
  In contrast to the United 

                                                           
8
 National Marine Fisheries Service Fisheries Statistics and Economics Division. Tilapia Imports to the 

United States.  2004.  http://ag.arizona.edu/azaqua/ista/2004tilapia.htm 
9
 Fisheries Statistics and Economics Division: US aquaculture Production Trout and Salmon 

http://www.msstate.edu/dept/crec/aquatrout.html 

http://www.msstate.edu/dept/crec/aquasalmon.html 
10

 FAO Globefish 2007.  Salmon 2007. http://www.infofish.org/marketreports/salmon0507.html 
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States, Chile exports 498,000 metric tons of Atlantic Salmon, approximately 90% of its 

total production.  Of this, 57% goes to Japan and the United States (Table 3).  Lastly, 

despite being the largest tilapia producer in the Americas, Mexico depends very little on 

an export industry.  Instead, Mexico relies almost extensively on its strong domestic 

markets.  Uganda also relies on its domestic markets for product distribution though 

tilapia production is significantly less than in Mexico (Table 2) 

 

Table 3: Tilapia imported into the United States (NMFS, 2004), Salmon imported into the 

United States (FishInfoNetwork, 2008) and salmon exported from Chile 

(FishInfoNetwork, 2008) (mt/yr). 

 

In summary, the United States continues to import large volumes of salmon and 

tilapia from around the world.  Yet with the exception of importing Atlantic Salmon from 

Chile, the United States has not begun to significantly import aquaculture products from 

the well established manufacturing industries in nearby regions (e.g. tilapia from 

Mexico).  Assuming the costs are proportional to the distance of transportation, and that 

Region 

 

 

US Tilapia 

Import 

 

Region US Salmon 

Import 

 

 

 

Region Chile Salmon 

Export 

 

China 

 

104,000 Chile 72,000  Japan 165,000 

 

Taiwan 

 

21,500 China 26,000  USA 119,000 

 

Latin America 

 

12,400 Canada 7,000  EU 54,000 

 

South America 

 

12,000 Norway 3,000  S. America 33,000 

 

Indonesia 8,000 Other 3,000  Others 55,000 
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regional costs of production are comparable, the United States would greatly benefit by 

forming a multinational aquaculture alliance and importing products from its nearby 

business partners.  Such benefits, however, have not yet been realized because of the 

difficulties in coordinating international supply with global demand.  Such coordination 

may be achieved however, by utilizing the concepts of the 24-hr knowledge factory.  The 

following presents a case in which the concepts of the 24 hr knowledge factory can be 

utilized to coordinate the rapid delivery of 1) Atlantic Salmon from Chile to the United 

States and 2) tilapia from Mexico to the United States. Rapid delivery of animal products, 

and especially fresh fish fillets, is critical because of their short shelf life.  All of the 

following fish manufacturing sites are actual regions in which fish were currently being 

produced at the time this paper was written.  

In the Caleta La Arena, located in Puerto Montt, a small city in southern Chile, 

Atlantic Salmon are processed (i.e. harvested and filleted) during the standard work day 

from 8:00 am to 5:00 pm (08:00 to 17:00 hrs; Fig. 2).  During the same time, information 

regarding the volume of fish harvested, product quality, and the product destination, in 

this case to Dallas, Texas, United States, is sent over to the aquaculture business partner 

in Kampala, Uganda, Africa.  At the end of the work day in Chile, the fillets are loaded 

into a semi-truck and transported to Santiago, Chile, a distance of 915 km.  This leg of 

the transport takes approximately 13 hours assuming an average of 70 km an hour.  Thus, 

the fish will arrive in Santiago by 6:00 am (06:00 hrs) the following day.  As the duration 

of this transport coincides with the working day in Uganda, the information that had been 

sent from Caleta La Arena can be processed in Uganda in order to generate the necessary 
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certificates and other paperwork required for product import from Chile into the United 

States.  By utilizing the difference in time zones between Chile and Uganda, these 

certificates can be completed and faxed over to the customs agency in Santiago even 

before the fish fillets arrive.  Moreover, these certificates can be sent at the same time, to 

the customs agency in Dallas, Texas (Fig. 2), as well as to the food brokers which 

distribute the products to individual restaurants and retailers. With the necessary forms 

and certificates already in Santiago when the fillets arrive, they can be transported via 

cargo plane to Dallas, Texas, United States with minimal delay.  Flights from Santiago, 

Chile to Dallas, Texas, take approximately 14 hrs.  Hence, the salmon fillets will arrive in 

Dallas, Texas at approximately 8:00 pm (20:00 hrs) Chilean time or 7:00pm (19:00 hrs) 

local time.  

 
Figure 2: Illustration of theoretical multinational aquaculture operation in which salmon, manufactured and 

processed in Chile, is transported to Dallas, Texas. Listed times are in Chilean time. 
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 In a second example of the case study, tilapia are processed during the working 

day from 08:00 to 17:00 hrs in Tamaulipas, Mexico.  As described in the case of 

transporting salmon from Chile, information regarding the volume of fillets, product 

quality, and product destination (Dallas, Texas) can be sent to the business partner in 

Kampala, Uganda.  Then, at the end of the work day, the fillets can be loaded in a semi-

truck and transported to the nearby city of Monterrey, Mexico.  Though the duration of 

this trip is only 3 hours, the required import paperwork necessary to transport food 

products in the United States can already be completed and sent to Monterrey by the 

business partner in Uganda before the fillets arrive at 21:00 hrs.  Moreover, the same 

documents can also be sent to the food brokers who distribute the products to individual 

restaurants and retailers. With the necessary forms and certificates already in Monterrey 

when the fillets arrive, they can be transported via cargo plane to Dallas, Texas, United 

States with minimal delay.  Flights from Monterrey to Dallas take 2 hrs. Hence, the 

tilapia fillets will arrive in Dallas, Texas at approximately 24:00 hrs.  With salmon 

arriving in Dallas at 19:00 hrs and tilapia at 24:00 hrs, both food products could be 

distributed simultaneously to individual restaurants and retailers by the start of the 

following business day. 
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2.6.      Certification 

  

Processing paper work and generating the necessary export/import certificate 

requirements is a critical component of coordinating international supply and demand.  

As such, an operation center in Uganda capable of performing these functions would be 

vital to the success of the entire multinational aquaculture alliance. Such an operations 

center has not yet been developed and utilized in the food system industry, though given 

the potential benefits and advantages, this seems like the next critical step for developing 

multinational agriculture alliances.  Moreover, relatively few barriers exist which would 

inhibit the success of an operations center in Uganda.  Uganda currently has a sizable 

English speaking and educated workforce which can be contracted as cheap labor.  

Reforms in the political environment around Kampala are enabling economic growth, and 

numerous programs have been established to facilitate an increase in foreign direct 

investment (FDI).  Despite these advantages, however, investment in time and capital 

would be required to develop the necessary resources to work synergistically with the 

multinational aquaculture partners.  For example, an operational center in Uganda would 

have to provide access to, as well as train the employees to complete the many different 

certificates needed to import/export food items into/out of the United States, as these 

certificates differ by country.  

 The necessary paper work for importing food products into and out of the United 

States, for example, is regulated by the Food Safety Inspection Service (FSIS), which 

operates under the United States Department of Agriculture (USDA).  To facilitate 
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bilateral trading of food products, the FSIS actively maintains a website as a checklist for 

importing meat, poultry, and processed egg products into the United States.
11

  Firstly, 

products may only be imported into the United States from certified countries and 

establishments.
12

  For the proposed multinational alliance, both Chile and Mexico have 

been certified by the FSIS.  Next, to enter the United States, food products must meet the 

same labeling requirements as domestically-produced products.  The labeling policies 

listed by the FSIS include a book on the guidance of food standards and labeling policy, 

policy memorandums, nutrition labeling information, and guidance on labeling ingredient 

information.
13

 In addition to proper labeling, foreign inspection certificates are required 

to accompany all imported meat, poultry, and egg products.  These certificates must 

indicate the product name, establishment number, country of origin, name and address of 

the manufacturer or distributor, quantity and weight of contents, list of species of animals 

and where they were derived from, and identification marks. Lastly, after filing the 

necessary forms for U.S. Customs and Border Protection, and meeting animal disease 

requirements of the Animal and Plant Health Inspection Service (APHIS), all imported 

meat, poultry, and processed egg products must be presented and re-inspection by FSIS at 

an official import establishment.
14

 

 In addition to processing paper work and generating proper certification, the 

operational center in Uganda would be able to send the necessary paperwork to the FSIS 

inspector at the appropriate import establishment prior to the arrival of the fish fillets.  

                                                           
11

 www.fsis.usda.gov/Regulations_&_Policies/International_Affairs/index.asp 
12

 www.fsis.usda.gov/pdf/Countries_Products_Eligible_for _export_November2007.pdf 
13

 www.fsis.usda.gov/regulations_&_policies/labeling_guidance/index.asp 
14

 www.fsis.usda.gov/factsheet/fsis_import_procedures/index.asp 
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This would greatly expedite the granting of entrance of the fillets into the United States 

and ultimately to the individual stores and retailers.  Frequently, as a result of improper or 

incomplete paper work, food products are denied access into the United States and must 

either be returned to the exporting country or destroyed.  By utilizing an operational 

center in Uganda, however, such mistakes could be easily and quickly corrected.  If a 

shipment of fillets is denied entrance into the United States due to improper 

documentation, an available and knowledgeable worker in Uganda could be contacted 

and asked to fax the appropriate forms to the official FSIS import establishment. 

 

2.7.     Conclusion 

 

Globalized food system industries are becoming a reality as significant strides are 

being made to reduce existing agriculture trade barriers.  Advances in information 

technology, transportation services, and agriculture technology are also facilitating the 

desegregation of the principal components of food system industries; manufacturing, 

processing, and distribution, and allowing them to operate independently across large 

distances.  As a result of these advances, multinational agribusinesses will be able to take 

advantage of different growing seasons (i.e. summer and winter) to grow several crops at 

different locations throughout the year.  Similar crops may also be simultaneously grown 

in various regions worldwide to mitigate the risk of generating low crop production yield 

in any one particular area due to unfavorable environmental conditions.  In this sense, 
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multinational agriculture alliances would also generate food security for regions under 

climatic environment constraint.   

 In addition to taking advantage of spatial distances, multinational agriculture 

alliances will be able utilize the different time zones to work synergistically around the 

clock.  To this end, global food industries will likely incorporate strategic operation 

centers capable of coordinating international food production with global demands.  

Specifically, information from regional food manufacturing sites can be sent to 

agriculture partners across the globe, where it can be rapidly processed and used to 

generate the certificates necessary for product export/import.  In addition to providing a 

strategic advantage for multinational food industries working around the clock, an 

operational center would harbor the expertise needed to allow agriculture industries in 

emerging economies to access international markets.  Although the advantages of a 

multinational aquaculture alliance were evaluated for fish farmers in the United States, 

Mexico, Chile and Uganda, similar benefits would be expected for food growers in other 

countries throughout the world.  
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USING MULTIPLIERS TO PREDICT THE GROWTH OF AQUACULTURE ON 

RURAL COMMUNITIES 

 

3.1.     Abstract  

 

As the supply of wild caught fish declines and consumer demand increases, aquaculture 

will continue to expand into rural communities throughout the world.  As a means to 

promote economic development, aquaculture operations may also be strategically 

implemented in regions where they are likely to have the most significant economic 

impacts.  Economic multiplier models are a critical tool for estimating the level of 

economic impact a business will have on the local economy.  In this study, balance 

budgets of expenditures and receipts by existing aquaculture businesses from several 

geographic locations are used to derive economic multipliers in order to predict the level 

of economic impact on rural communities.  Expenditure and receipt data were collected 

from 10 fish farms throughout Arizona for FY 1995, from a single farm for FY 2007, and 

from 3 farms in Jinji, Uganda for FY 2007.  Multiplier predictions were calculated using 

Keynesian and Tiebouts economics and evaluated within the context of regional trade 

distribution and local economies.  The data validated several assumptions of the models 

in which regional multipliers increase based on 1) inflow of capital due to increased 

purchasing of locally available supplies, 2) the purchasing of regionally available goods 

with revenues generated from non-local sales, and 3) a high propensity for local 

consumption.  Understanding and utilizing these concepts is a strategic advantage in 

expanding aquaculture to promote economic development in rural communities.  
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3.2.     Introduction 

The aquaculture industry is rapidly expanding as wild fish capture from both 

oceans and fresh water has reached peak levels and consumer demand continues to 

increase.  Aquaculture is now the fastest growing segment of agriculture in the United 

States and in the world (USDA, 1996; FAO, 2003; Olin & Subasinghe, 2006).  Several 

species, including salmon, trout, catfish, tilapia, striped bass, oysters, and shrimp are 

already largely supplied by commercial production.  This list will continue to grow in 

future years as niche markets become available upon diversifying consumer demands.  In 

addition, advances in trade reform policy, transportation services, and aquaculture 

technology are allowing aquaculture products to be produced in large-scale and 

transported across long distances.  This is further allowing the coordination of supply and 

demand on national and international levels.  As a result, aquaculture businesses are 

being strategically developed in rural communities, away from coastal regions where they 

have historically predominated (Fitzsimmons, 2000).  

In the United States, for example, the aquaculture industry is expanding to inland 

states, away from regions where aquaculture has in the past been largely concentrated 

(e.g. the Mississippi Delta region, Idaho, along the Pacific Coast, coastal Maine, Florida, 

and Hawaii). Beginning in the 1980’s aquaculture farms had begun to develop in the 

southern arid environments such as in Arizona, although these industries remain in their 

infancy (Fitzsimmons, 1988).  From 1995 through 2008, Arizona produced less than 2 

million kg of fish and shrimp per year.  By comparison more than 250 million kg of 

catfish were produced in Mississippi and more than 20 million kg of trout in Idaho per 
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year.  From 1995 to 2008, approximately 40 aquaculture facilities were licensed by the 

Arizona Department of Agriculture.  Although ten of these farms produced over 90% of 

all of the commercially reared fish totaling just over than 1 million kg of fish per year in 

1995: by 2008, a single farm accounted for the majority of fish production.  Like many 

regions throughout the United States, Arizona is a net importer of fish products.  Total 

Arizona fish consumption is approximately 20.5 million kg per year, or around 4.5 kg per 

person per year (Fitzsimmons, 1995).  Hence, Arizona imports nearly 19 million kg of 

fish annually to compensate for the shortage in local supply.  

Perhaps even more so than in the United States, semi-intensive and intensive 

aquaculture practices are expanding to rural communities in underdeveloped and 

developing countries of the world.  In Uganda, Africa, for example, total reported 

aquaculture production grew in just seven years from around 900 kg in 2000 to over 

approximately 27,000 kg in 2007, though a majority (approximately 60%), remains at 

subsistence level of production with little or no technical inputs or management (FAO, 

2008).  However, several programs have been developed to facilitate the development of 

viable semi-intensive or intensive aquaculture businesses by providing small-scale 

farmers with technical expertise as well as necessary start-up supplies.  These programs 

have largely contributed to overall sector growth and in turn have led to rural community 

development (Bowman et al., 2000). 

The United States Department of Agriculture (USDA) recognizes that aquaculture 

as an agricultural pursuit would primarily benefit rural areas by contributing to their 

economic base.  In fact, several of the Federal programs contributing to aquaculture 



65 
 

 
 

research and development are predicated on aquaculture supporting rural development:  

recent efforts of these programs have been aimed at predicting the economic impact that 

aquaculture development would have on rural communities.  The aim of the present study 

is to address some of these issues by examining Keynesian and Tiebout’s models (for 

reviews see Gustoff, 1968; Tiebout, 1956; 1962) which predict the multiplier effect for 

the increases in economic base on rural economies in Arizona and Uganda, Africa.  The 

models in the present paper closely resemble those used by Olfert & Stabler (1994).  A 

questionnaire was given to individual aquaculture farms to determine the distribution of 

expenditures and sales by location.  The multipliers generated using this survey data are 

then evaluated within the context of regional trade distribution and local economies.  

Lastly, the multipliers are evaluated as a potential tool for predicting where aquaculture 

development would have a positive impact on rural economies. 

 

3.3.     Materials and Method 

3.3.1.   Questionnaires 

 

A questionnaire was prepared requesting information regarding: number of full 

time employees (FTE’s), a breakdown of expenditures and receipts, and kg of fish 

produced in the last year.  The expenditures were categorized as local (i.e. within the 

home county), within the balance of the state, or out of state.  The receipts, or sales, were 

categorized in a similar fashion (i.e. local, within state, or out of state).  The survey was 

completed by ten major producers in Arizona in February, 1996.  The same questionnaire 



66 
 

 
 

was then given in 2008 to the largest aquaculture producer (Tilapia farm) in Arizona.  

This farm accounted for approximately 90% of the total aquaculture production in the 

state.  Only one farm was surveyed in 2008 because nearly all other start-up farms 

beginning in 1996 had discontinued operations.  Lastly, three farms in Uganda were 

surveyed in 2008 for both their 2006 and 2007 FY earnings and expenditures.  In the case 

of Uganda, expenditures were categorized as local (i.e. within the home district), within 

the balance of the country, and out of country.  The farms and hatcheries were accessible 

through a cooperative agreement with Auburn University Dept. of Fisheries and Allied 

Aquacultures, USA.  

3.3.2.   Calculating Economic Multipliers 

 

 

Using the propensity of the firms to spend locally versus purchasing inputs from 

non-local sources allows us to use a Keynesian Multiplier model (eq. 1).  This model, (for 

review see Olfert and Stabler, 1994), predicts the increase in economic activity for each 

new dollar generated by the aquaculture industry sales: 

(1 ) 

 

where the multiplier ( M ) estimates the level of growth in aquaculture on both a county 

economy and the state economy, depending on which level we define as ―local‖, c is the 

marginal propensity for local consumption, 1m is the propensity of aquaculture farms to 

)1(1

1
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import (i.e. spend money in non-local markets), and 
2m is the propensity for non-local 

consumption.  Lacking a published estimate of the propensity of local consumers to 

purchase goods locally, the model uses typical figures for small rural communities 

throughout this study.  Using the same data set, a second set of county and state level 

multipliers is generated using Tiebout’s Multiplier model (eq. 2).  Like Keynesian 

economics, Tiebout’s model predicts the increase in economic activity generated by the 

development of aquaculture operations.  Tiebout’s model however, is based on the 

propensity of firms and households to purchase locally and to sell to non-local markets. 

        

 (2)   

where
1p is propensity of aquaculture farms to purchase inputs locally and 

2p is the 

propensity to sell to non-local markets (i.e. basic markets).   

 Lastly, the Location Quotient was determined as the percentage of sales outside 

the home locality (i.e. exports).  This measure is useful for defining the degree to which 

the aquaculture industry is defined as basic or non-basic.  In the present case the location 

quotient was calculated defining ―local,‖ first as the home country and second, as the 

state of Arizona.  
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3.4.     Results 

3.4.1.   Arizona FY 199 

The survey reported 44.5 FTE jobs in aquaculture in 1995 at the ten farms 

surveyed.  The total expenditures were approximately $US 2.16 million and total sales 

were $US 1.76 million (Table 4).  The wide difference in costs and sales reflects the 

investment in one farm which had not begun producing and a second farm which had 

only recently begun sales.  

 

 

Table 4: Expenditures by region for 10 aquaculture farms in Arizona (1995 data). 

 

a. Reported revenues are $US (10
3
) 

 

The first multiplier was evaluated using Keynesian economics (eq. 1).  Estimates 

for the propensity of local and non-local consumption for typical small communities in 

Arizona were derived by Olfert and Stabler (1994; c  = 0.85 and 2m = 0.33).  According 

to the survey data, when ―local‖ is equivalent to the county, the propensity of farms to 

import (i.e. propensity to spend outside the county or 1m ) is 0.61.  From equation 1, the 

calculated multiplier ( M ) is 1.29.  If the definition of ―local‖ is expanded to include the 

 Exp. 

in county 

Exp. 

in state 

Exp. 

out state 

Ttl. 

Exp. 

Sales. 

in County 

Sales 

in state 

Sales 

out state 

Total 

sales 

Revenues
a
 845 407 910 2,162 599 935 227 1,761 

% of Total. 0.39 0.19 0.42 1.00 0.34 0.53 0.13 1.00 
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whole state of Arizona, the propensity to purchase inputs from non-local or basic markets 

(
1m ) decreases to 0.41 and the resulting calculated multiplier increases; M = 1.50.  

The second multiplier was evaluated with Tiebout’s model (eq. 2).  A multiplier 

was firstly determined for the local economy equivalent to the county whereby the 

propensity of aquaculture farms to purchase inputs locally (i.e. farm expenditures in the 

county;
1p ) is 0.39, and the propensity to sell to non-local markets (

2p ) is 0.66.  Using 

these estimates the calculated multiplier ( M ) is 1.34.  When the local economy is 

expanded to include the whole state of Arizona, 
1p = 0.58, 

2p = 0.13 and, M = 1.08    

Keynesian and Tiebout’s Multipliers assume that the entire industry is economic 

base.  However, aquaculture does have some local sales.  These tend to be live fish sales 

to local consumers, to local fee-fishing operations and in some cases fresh fish to area 

restaurants.  Using the information in Table 1, a Location Quotient can be calculated to 

examine the degree to which aquaculture can be considered economic base.  On a county 

basis, only 34% of product is sold locally (66% non-local).  However, on a state-wide 

basis 87% of sales are made locally (13 % non-local).   

 

 

3.4.2.   Arizona FY 2007 

The largest tilapia farm reported approximately 10 FTE for the FY 2007.  Many 

workers were part time, seasonal, or temporary, making the number of FTE’s difficult to 

determine.  Total expenditures were $US 0.99 million and total sales were $US 1.08 

million (Table 5).  It is important to note that the aquaculture effluent from this farm is 
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re-used for crop irrigation which significantly raises profit margins.  However, the added 

value of integrated systems is not evaluated as it is beyond the scope of this paper.  

The first multiplier was evaluated using Keynesian economics (eq. 1).  As done 

for the estimations of Keynesian multipliers in Arizona in 1995 (see above), the estimates 

derived by Olfert and Stabler (1994; c  = 0.85 and 
2m = 0.33) are used.  From the 

questionnaire data (Table 5), the propensity of farms to import (
1m ) is 0.97 when ―local‖ 

is equivalent to the county (i.e. propensity to spend outside the state).  The calculated 

Keynesian multiplier ( M ; Eq. 1) is thus 1.02.  When the definition of ―local‖ is 

expanded to include the whole state of Arizona, 
1m  decreases to 0.77 and the resulting 

multiplier increases; M = 1.15. 

 

Table 5: Expenditures by region for largest aquaculture farms in Arizona (2008 data).  

 
 
 
 
 
 
 
 

a. Reported revenues are $US (103) 

 

Next, Tiebout’s model (eq. 2) was used to estimate the multiplying effect. 

Defining the local economy equivalent to the county, the propensity of aquaculture farms 

to purchase inputs locally ( 1p ) is 0.03, and the propensity to sell to non-local markets (

2p ) is 1.0.  From these estimates the calculated multiplier ( M ) is 1.03.  When the local 

 Expenditures 

in district in country out country Total 

Revenues 34 192 768 994 

% of Total 0.03 0.19 0.77 1.00 

 Sales 

Revenues 0 120 960 1,080 

% of Total 0.00 0.11 0.89 1.00 
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economy is expanded to include the whole state of Arizona, then 
1p = 0.22, 

2p = 0.89 

and, M = 1.24    

Finally, the Location Quotient was calculated.  On a county basis, 0% of product 

was sold locally so all sales are 100% non-local.  However, on a state-wide basis 11% of 

sales are made locally (89% non-local; see summary Table 8). 

 

 

3.4.3.   Uganda FY 2006 and 2007 

 

 

Compared to the labor force on the fish farm in Arizona surveyed in 2007 the 

number of FTE’s on Farms A and B in Uganda, Africa were comparable (Table 6). 

However, Farm C had nearly 3 times the labor force as in Arizona.  Statistical 

comparisons of receipts and sales between the farms within Uganda as well as 

comparison to the farm in Arizona could not be made due to differences in the types of 

production systems used, species produced, and stage of business development (i.e. 

beginning, established but developing, or mature business).  Farm C for example, had just 

started in 2007 with support from creditors and has had few reported sales contributing to 

reported revenues.  Production in Farm B had risen dramatically between 2006 and 2007 

at the cost of investments in equipment and facilities.  Farm A, is a more mature business 

with steady production and revenues.  Considering these reasons, Farm A is useful for 

predicting the multiplying effects on rural communities. 
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Table 6: Reported growth earnings from 3 fish farms in Kampala, Uganda, Africa 

 FTE FY06 

revenues 

FY07  

revenues 

% increase 

revenues 

FY07 Expense  

In Country 

FY07 Expense 

Out of country 

Farm A 10 17.6 92.7 427 17.9 0 

Farm B 11 2.8 29.6 957 34.7 0.2 

Farm C 27 2.6 8.9 236 108.7 0 

Revenues were adjusted to $US (103) from reported Uganda Shilling (USh). $US 1 = $USh 1700 

 

Keynesian multipliers (eq. 1) were calculated for Farm A using three 

assumptions: 1) that 75% of the fish were sold in regional or local markets (i.e. within the 

boundaries of the city) and the other 25% of fish were sold within the country, 2) that 

50% of fish in local markets were produced regionally and the other 50% of fish were 

produced from elsewhere in the country, and 3) 75% of expenditures were made locally 

(i.e. within the Jinja district) and 25% of expenditures were made non-locally (i.e outside 

of Jinja but within the country).  These assumptions were based on local knowledge and 

expertise of one of the authors of this paper.  Based on these assumptions, a balance 

budget sheet was generated for sales and receipts divided by regions (Table 7). 
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Table 7: Adjusted expenditures and sales for Farm C from table 3. 

 

 

 

 

 

Revenues were adjusted to $US (10
3
) from reported Uganda Shilling (USh). $US 1 = $USh 1700 

 

Using the Keynesian model (eq. 1) and the above stated assumptions when 

―local‖ is equivalent to the city (i.e. Kampala), the likelihood of consumption of locally 

produced fish ( c ) is 0.5, the propensity of non-local consumption (
2m ) is 0.25, the 

propensity of farms to purchase from non-local markets (
1m ) is 0.5, and the calculated 

multiplier ( M ) is 1.23.  When the definition of ―local‖ is expanded to include the whole 

country of Uganda, ( c ) becomes 1.0, and both 
1m  and 

2m  decrease to 0.  Under these 

conditions there is no multiplier effect (i.e. M  = 0). 

Next, Tiebout’s model (eq. 2) was used to estimate the multiplying effect.  

Defining the local economy equivalent to the city, the propensity of aquaculture farms to 

purchase inputs locally (
1p ) is 0.75, and the propensity to sell to non-local markets (

2p ) 

is 0.25.  From these estimates the calculated multiplier ( M ) is 1.23.  When the local 

economy is expanded to include the whole country of Uganda, then 
1p = 1.0, 

2p = 0.0 

and, M = 1.0   

 

 Expenditures 

in district in country out country Total 

Revenues 4.5 13.4 0 17.9 

% of Total 0.75 0.25 0 1 

 Sales 

Revenues 69.5 23.2 0 92.7 

% of Total 0.75 0.25 0 1 
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Table 8 Summary of economic multiplier results 

 
 Keynesian  Tiebout  Lct. Qtn. 
 m1 m2 c M  p1 p2 M  % non-local sales. 

Arizona 

County 05 

0.61 0.33 0.85 1.3  0.39 0.66 1.34  66% 

Arizona 

State 05 

0.41 0.33 0.85 1.5  0.58 0.13 1.08  13% 

Arizona  
County 07 

0.97 0.33 0.85 1.02  0.03 1.0 1.03  100% 

Arizona  
State 07 

0.77 0.33 0.85 1.24  0.22 0.89 1.24  89% 

Uganda 

Kampala 07 

0.5 0.25 0.5 1.25  0.25 0.75 1.23  25% 

Uganda  
Country 07 

0.0 0.0 1.0 NA  1.0 0.0 1.0  0% 

M  is the multiplier effect. 

c  is the marginal propensity for local consumption 

1m  is the propensity of aquaculture farms to purchase from non-local economics 

2m  is the propensity for non-local consumption.   

1p is the propensity of aquaculture farms to purchase inputs locally  

2p is the propensity to sell to non-local markets.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 
 

 
 

3.5.     Discussion 

  

Estimates of economic multipliers in this study predict that aquaculture 

development will have a negligible impact on rural community development in 

comparison to other industries that contribute more directly to the economic base of the 

state.  This is not to say however, that promoting aquaculture as a viable means of 

sustainable development should be discontinued. Quite opposite, the authors of this paper 

believe that although the effect is marginal, fish farming supports rural development and 

acts as a segue in the formation of other industries which generate higher multipliers.  

This concept is especially true for rural communities with little capital inflow and which 

rely heavily on subsistence level farming.  From this study, several key issues were 

identified which increase the predicted level of economic impact of developing 

aquaculture businesses in rural regions. 

Firstly, the multiplying effect is highest when two conditions are met: 1) there is a 

high capital inflow into the rural economy, and 2) there is a high degree of re-spending in 

the community.  For the first condition, using the Keynesian model as an example, a fish 

farm can stimulate the local economy (i.e. facilitate high capital inflow), by purchasing 

its inputs from the local community.  This concept is demonstrated from the expenditures 

by location data generated from this study (Fig. 3).  Farms with higher percentages of 

sales outside of the community (i.e. non-local expenditures;
1m ) generated a lower 

multiplier effect on the community. In other words, purchasing more locally available 

products results in a higher multiplier.  For the aquaculture industry, this effect would be 
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most pronounced by promoting local production of feed and fingerlings.  Because the 

combined cost of these goods represents a significant portion of operating expenses (ca. 

60% in Arizona, 1995, unpublished data), purchasing these inputs locally would greatly 

enhance the overall regional economy.  Moreover, locally available feed and fingerlings 

would reduce the cost of transportation to farmers who would otherwise have to import 

from non-local suppliers.  

In order to optimize the multiplying effect, fish farms should also purchase 

regionally available goods with revenues generated from non-local sales.  In other words 

―sell abroad, purchase local.‖  As seen in Fig.4, the increase in the combined effect of 

generating revenues from exported products and purchasing locally available resources 

generates a linear increase in the multiplier effect (M).  However, satisfying these two 

conditions simultaneously, while still maintaining high profit margins is not always 

feasible in the aquaculture industry.  Looking at the case in Arizona, the 10 largest farms 

in Arizona had an average multiplier of 1.5 in 1995, the largest value calculated from this 

study.  Yet by 2007, a majority of these farms had discontinued operations, leaving one 

dominant producer in the state with a multiplying effect of 1.24.  This decline was the 

result of relative increase in purchases from non-local suppliers.   
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Figure 3:  Correlation between the Keynesian multiplier (M) and the propensity of farms to purchase from 

non-local markets (m1; Table 5). 

 

 

Figure 4: Correlation between the Keynesian multiplier (M) and the combined effect of the propensity of 

aquaculture farms to purchase inputs locally and the propensity to sell to non-local markets (
1p x

2p , 

Table 5). 
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The second condition in which multipliers are optimized is a high propensity for 

local consumption (i.e. high degree of re-spending of money within the local economy).  

For the present study, the disposition for local consumption was available for Arizona 

(Olfert and Stabler, 1995), hence gathering field data on local consumer preference was 

not necessary. Moreover, evidence from the study suggest that these same estimates were 

valid for calculating multipliers in 2007, more than 10 years from the original 

calculations.  Although field data for local consumption would better validate the 

calculated multipliers in 2007, this may not have been necessary. The differences 

between the multipliers calculated for both Keynesian and Tiebouts models were 

marginal (with one exception), regardless of the time and location the questionnare was 

given.  The exception occurred between the multipliers calculated for Arizona when local 

was defined as state-wide in 1995; Keynesian (M) was equal to 1.5, and Tiebouts (M) 

equaled 1.08.  In this case, the difference was likely caused from errors associated with 

using the estimates from the literature.   

 In summary, this study identifies three conditions for expanding the aquaculture 

industry that would optimize the multiplier effect to facilitate economic development in 

rural communities: 1) ability to purchase inputs locally, 2) ability to export products to 

non-local regions with high profit margins, and 3) develop in communities with a high 

propensity for local consumption.  While these conditions would be expected to change 

over time, multipliers calculated over a 10 year difference in the present study did not 

largely vary.  However, the number of multipliers available for comparison was limited.  

Although accurate farming data are difficult to obtain, especially in underdeveloped and 
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developing regions, increased farm expenditure and receipt budget data would improve 

our understanding of how multipliers change temporally and spatially.  Such information 

would lend valuable strategic insight to long term growth in the aquaculture industry.   

 

3.6.     Conclusions 

 

In the United States, aquaculture development is likely to have a marginal impact 

on economic development in rural communities.  However, aquaculture farms, even those 

which are developing in southern arid regions such as in Arizona, can achieve high profit 

margins by expanding into new markets.  This is especially likely when exporting to 

large seafood markets in California and Las Vegas.  Mexico would benefit much the 

same by exporting to broader based markets where market prices are higher and 

generated profits outweigh shipping costs.  To expand the industry and export to broader 

markets, however, Mexico is in need of an infusion of technology, specialized products 

and services (e.g. fingerlings and broodstock; Fitzsimmons, 1994).  These challenges 

may be overcome using the partnerships developed through long tradition of joint 

research and training with the University of Arizona.  

 These authors suggest that a similar approach of expanding new markets be 

utilized for development of aquaculture in other underdeveloped and developed regions. 

The aquaculture industry in Uganda, for example, would greatly benefit through 

development of fry and fingerling production markets.  Local availability of fingerlings 

would promote increased local spending by fish farms and thus increase the multiplier 
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effect.  Though the multiplier margin is small, aquaculture development may eventually 

facilitate improved transportation services, electrical power and water availability, and 

even improvements in the technology sector.   
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UTILIZING TILAPIA (Oreochromis niloticus) EFFLUENT TO GROW BARLEY 

(Hordeum vulgarein) USING RE-CIRCULATING INTEGRATED 

AGRICULTURE AQUACULTURE TECHNOLOGY  

 

4.1.     Abstract 

 
Aquaculture effluent can have high organic and inorganic nutrient levels and can increase animal 

health risk and also negative environmental impacts if left untreated.  In this study, re-circulating 

integrated agriculture-aquaculture (RIAA) systems were developed in a greenhouse environment 

to evaluate the potential environmental and economic benefits for utilizing aquaculture effluent to 

grow agriculture crops in a soil-based medium.   Three RIAA systems were simultaneously run in 

which aquaculture effluent from tanks with increasing densities of tilapia was used to irrigate 

barley growing in potted soil. Water quality was monitored over time in each of the three systems 

in both the aquaculture effluent and influent—water pumped back into the fish tanks—by 

measuring total nitrogen, nitrate, ammonium, organic nitrogen, total phosphorous, and inorganic 

phosphate, and organic phosphorous concentrations.  Plant and fish growth rates were also 

measured over time.  Nutrient concentrations in the effluent consecutively increased from 

treatments 1 to 2 to 3 as did plant shoot and seed spike biomass.  Greater than 75% of the nutrient 

load was extracted as the effluent moved through the potted soil in all three treatments regardless 

of plant size or initial concentration.  No correlation was found between nutrient extraction levels 

and plant growth rates.  Algal mats were also observed on soil surfaces in a few of the pots in the 

final weeks of the experiment.  This project a feasibility study that integrated aquaculture 

systems, using soil based media provide several economic and environmental benefits.  Future 

work, however, will need to demonstrate a balanced nutrient budget to then be able to maximize 

the amount of plants that can be grown relative to fish densities and thus nutrient regimes. 
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4.2.     Introduction 

 

Aquaculture effluent is laden with organic and inorganic nutrients from fish 

excretion and uneaten feed.  Although costly, monitoring and managing nutrient levels 

are necessary for promoting a sustainable and healthy fish production system.  In closed 

re-circulating systems, accumulating nutrients can lead to water fouling and poor animal 

health (Muir, 1982; Krom & van Rijn, 1989; Timmons & Losordo, 1994).  In flow 

through systems, nutrient concentrations must be reduced to levels acceptable by the 

Environmental Protection Agency (EPA) before being discharged to open waters within 

the United States (van Rijn, 1996).  In response to mandates from the EPA, economic 

pressures to maintain adequate water quality for optimal fish growth, as well as to 

enhance environmental stewardship, numerous cost-effective methods for treating 

aquaculture effluent treatment have been developed (Balderson & Sieburth, 1976; Ryther, 

et al., 1975; Rakocy, 1999; Rakocy, 1997; Sarig, 1989; Saylor, 1991; Bergheim et al., 

1993; Arbiv & van Rijn, 1995) 

One cost effective method for treating aquaculture effluent is achieved by 

integrating plant and fish production systems such as in hydroponic systems (Rakocy, 

1999; Naylor et al., 2000; Davenport et al., 2003).  Many hydroponic systems are set up 

with plants imbedded into Styrofoam trays which float upon the aqueous medium 

containing fish culture effluent.  Hence, the roots of the plants are submerged in an 

aqueous environment during the grow-out phase of the life-cycle prior to harvesting.  In 
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these systems, aquaculture effluent is used to simultaneously irrigate and fertilize plants.  

The efficient conversion of nutrient wastes to plant biomass is economically 

advantageous as it not only provides a low-cost method for wastewater treatment but also 

generates a profitable secondary crop (Rakocy, 1989; Rakocy, 1999).  However, the 

number of species which can be effectively grown in commercial hydroponic systems is 

limited as several important agriculture species cannot grow with root structures 

submerged in water.  Therefore, new methods, or adaptations of existing technologies, 

are warranted to provide low-cost treatment of aquaculture effluent.  

To minimize the negative impacts on the environment, while establishing cost-

effective effluent treatment methods, an integrated aquaculture-agriculture program has 

been established at the University of Arizona.  The purpose of this program is to evaluate 

several components of integrated aquaculture-agriculture systems with the aim of 

identifying the optimal parameters for industry implementation.  Because an optimized 

system is dependent on specific local conditions, several experiments were conducted 

with consideration of regional needs in terms of economic and environmental benefits.  

The first experiment, described in this paper, evaluated integrated agriculture aquaculture 

systems in which the effluent from the aquaculture was used to irrigate barley growing in 

a soil medium.  A hypothesis for this experiment is that nutrient levels in the re-

circulating water will be reduced in response to plant growth, thus providing economic 

and environmental benefits through the conversion of fish waste to profitable by-product. 

We recognize that using aquaculture effluent to grow plants maintained in soil 

media is a common practice throughout the world—especially in developing and least 
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developed countries (FAO,1998a,b; FAO, 2000).  However, these systems are typically 

maintained at the subsistence level and published experimental records are limited 

(Stickney & McVey, 2002).  Therefore, the present experiment is the first of several 

designed to maximize the benefits of using integrated systems with soil mediums, both in 

the United States and internationally.  In order to quantify the benefits of soil based 

integrated systems, plant production rates were experimentally tested when being 

supplied with aquaculture effluents originating from systems with varying densities of 

fish biomass and thus nutrient regimes.  
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4.3.     Materials and Methods 

 

4.3.1.   RIAA System Development 

 

Three re-circulating integrated agriculture-aquaculture (RIAA) systems were 

developed in a greenhouse located at the University of Arizona Environmental Research 

Laboratory (ERL) in Tucson, Arizona.  Temperatures in the greenhouse were maintained 

between 24 and 34°C.  In each system, water from a 5000 L (5m
3
) fiberglass Doughboy® 

pool containing Tilapia, Oreochromis niloticus, was used to irrigate individually potted 

barley plants, Hordeum vulgarein, setup in a 30 m x 1 m (length: width) common pot 

array (Fig. 5).  A total of 300 pots were used in each system.  Of these, 150 pots were 

large (4 L) and 150 pots were small (2L). Two sizes of pots were used to determine if 

differences in soil volume contained in the pots influenced the growth size of the plants.  

Pots in each RIAA system were placed into one of four galvanized steel channels 

approximately 10 cm deep.   
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Figure 5:  Illustration of RIAA system.  The common pot array (dimensions 30m long x 1m wide) consisted 

of (A) 150 large 4L pots  (B) 150 small 2L pots.   

 

 

Pots were filled with a soil mixture of 1 part Sunshine mix #1 (Sun Gro Horticulture®) to 

3 parts bleached sand.  The Sunshine mixture contains Canadian Sphagnum peat moss, 

perlite, gypsum (a source of sulfur and calcium), and dolomitic lime (a source of calcium 

and magnesium).  The pH of the soil remained between 5.0 and 7.0 as a result of the 

buffering capacity of the dolomitic lime. 

Water was evenly distributed to all pots using a surface irrigation drip treatment.  

Water was pumped from the pool through 3.2 cm inner diameter (ID) pvc pipe connected 

to a 1.27 cm ID surface drip irrigation line containing 300 individual spaghetti tube 

emitters using an inline centrifugal pump.  To ensure that a consistent level of water was 

being emitted over the course of the experiment, water samples were collected over a 5 

minute period from 10 randomly selected emitters in each system both before and after 

the experiment.  Water volumes from these emitters did not significantly vary between 



89 
 

 
 

emitters or over time (data not shown).  Thus, differences in plant growth over the course 

of the experiment are not assumed to be the result of different water emissions. 

The RIAA structure was built at a slight decline (~ -2°) to achieve re-circulation.  

After percolating through the potted soil, irrigation water traveled along the sloped 

channels to the terminal end of the plant trough, where it was collected in a plastic basin 

and then pumped back into the aquaculture tank (Fig. 5).  To ensure that water was not 

re-absorbed by downstream plants, a plastic ring (~2.5 cm high) was placed under each 

pot.  Re-circulation was run for a period of one week prior to the start of the experiment 

in order to equilibrate the system.  Equilibrium was established when nitrogenous 

nutrient concentrations (i.e. nitrate, ammonia, and total nitrogen) measured from water 

samples extracted from valves located before and after the plant beds, were the same (see 

treatment parameters and sampling protocols below).  

 

 

Table 9: RIAA treatment parameters—Experiment 1 

Parameters Treatment 1 Treatment 2 Treatment 3 

Fish density (kg/m
3
) 3 6 9 

Fingerlings (30 – 80 g) 3 kg 6 kg 9 kg 

Juveniles  (420 – 500 g) 12 kg 24 kg 36 kg 

Total fish biomass (kg) 15 30 45 

Daily added Fish feed (kg) 0.3 0.6 0.9 

Number of plants 150L, 150S 150L, 150S 150L, 150S 
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4.3.2.   RIAA Treatment Parameters and Sampling Protocols 

 

Three RIAA systems were simultaneously run for 10 weeks from March to May.   

Prior to the start of the experiment, Barley seeds (Hordeum vulgare), were planted into 

all pots to ensure adequate numbers after germination.  The experiment began after all the 

seedlings broke the surface of the soil and all but one plant was removed from each pot.  

The experiment was started on day 1 when the three 5,000 L fiberglass pools were 

stocked with two size classes of Oreochromis niloticus fingerlings (weight 55 ± 25 g)  

and juveniles (weight 460 ± 40 g).  In treatments 1, 2, and 3 systems were stocked with 3, 

6, and 9 kg of fingerlings and 12, 24, and 36 kg of juveniles respectively.  Total fish 

biomass in the three treatments were; 15, 30, and 45 kg (Table 9).  Treatment 1 was a re-

circulating system in which the effluent from an aquaculture tank with 3 kg m
3 

of tilapia 

was delivered to 300 Barley plants, treatment 2 used water from tanks with 6 kg m
-3

, and 

treatment 3 with 9 kg m
-3

.  Fish biomass density was maintained constant throughout the 

experiment by periodically measuring fish weight, calculating fish biomass density, and 

removing individual fish as needed.  Fish were fed daily with a 34% protein by weight 

dry pellet feed (Silver Cup®) at 2.0% body weight.  

O. niloticus biomass was estimated every 2 weeks by extracting and individually 

weighing 10 fingerlings and 10 juvenile fish from each treatment.  H. vulgare height was 

determined weekly by measuring plants in 10 large and 10 small pots for each treatment.  

The same plants were measured repeatedly throughout the experiment.  The height was 
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recorded as the distance from the soil to highest part of the plant when vertically 

straightened.  On week 10 the plants measured throughout the experiment were harvested 

by removing the entire plant from the pots.  Plants were sub-divided into roots, shoots, 

and seed spikes, and the root weight (wet weight, ww), shoot weight (ww), shoot height, 

and number of seed spikes, were recorded for each plant.    

Total nitrogen (TN), nitrate, ammonia, total phosphorous (TP), and inorganic 

phosphate were measured every second week from three water samples collected from 

valves located both before and after the plant beds in each of the three treatments.  

Nutrient concentrations were measured using Hach Test Kits.  Nitrogen-nitrate N-NO3  

was tested using a cadmium reduction colorimetric reaction with NitraVer
(R)

 5 reagents 

and measuring transmittance on a Pocket Colorimeter
TM

  II photometer at 528 nm.  

Ammonium-nitrogen (N-NH4) was measured using a salicylate colorimetric method with 

ammonia cyanurate and ammonia salicylate reagents.  Total nitrogen was tested using a 

persulfate digestion method in a Test 'N Tube reagent set (Hach
®

).  Inorganic nitrogen 

concentration was calculated by adding nitrite and ammonia concentrations.  The 

concentration of organic nitrogen was calculated as the difference between total nitrogen 

and inorganic nitrogen concentrations.  Organic phosphorous concentration was 

calculated as the difference between total phosphorous concentration and inorganic 

phossphate). 
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4.3.3.   Statistical Analysis 

 

General Linear Models (SAS 9.1) and Analysis of Variance (ANOVA) were used 

for assessing statistical differences within and among treatments.  A posteriori tests, 

Duncans Multiple Range Tests (DMRT; α = 0.05), were used to identify homogenous 

groupings.  Student’s t-test was used for comparisons between two groups.  Correlations 

were tested using Pearson’s correlation coefficients.   

 

4.4.     Results 

 

 

4.4.1.   Plant Growth 

  

 Plants grew rapidly in both large and small pots, although rates of increase, 

duration of rapid increase, and maximum plant height differed among the three 

treatments (Table 10; Figs. 6a, b).  These differences were explained by two consistent 

trends: 1) plants irrigated with water from treatments with increasing densities of fish 

grew larger and 2) plants grown in larger pots grew to larger sizes than those in smaller 

pots within the same treatment.  In the first treatment, which used effluent from tanks 

with 3 kg m
-3

 of fish, plants in the large pots grew linearly at a rate of 11.3 cm per week 

(y = 11.3x + 0.3) for three weeks whereas plants in the small pots grew at 9.5 cm per 

week (y = 9.5x – 0.73) for only two weeks (Table 10; Fig. 6).   
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Table 10:  Summary of results of plant growth for experiment 1 (Fig. 6) 

Treatment:  

Pot Size 

Rapid Growth 

Period  

(w) 

dN/dt 

(cm w
-1

) 

Final Height  

(cm) 

1: Large 3 11.3 58.0  

1: Small 2 9.5 43.7 

2: Large 7 10.8 82.2  

2: Small 6 8.14 61.0 

3: Large 7 13.4 98.2 

3: Small 7 11.8 84.2 

Features of plant growth are indicated.  Growth period (weeks):  length of time that plant 

heights increased linearly.  dN/dt (cm w
-1

):  Rate of growth as cm per week calculated as 

a regression during the linear portion of plant height increase.   

 

 

 

  

Figure 6: Plant height (cm) over time (weeks) in (A) Large pots and (B) Small pots delivered with effluent 

from tanks stocked with 15 kg (open triangles), 30 kg (open squares), and 45 kg (solid circles) of tilapia.  

Values are mean ± standard deviation (n = 10).    
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Initial rates of growth were similar in the first and second treatments, though the 

duration of growth in the second treatment was longer; seven weeks for plants in the 

large pots and six weeks for plants in the small pots (Table 10).  Growth rates were 

highest in the third treatment (9 kg m
-3

), 13.4 cm per week for 7 weeks in large pots  and 

11.8 cm per week in small pots. 

In addition to varying rates and duration of growth, differences were observed in 

the number of seed spikes per plant (Fig. 7a), the average weight of the root (Fig 7b), and 

the average shoot weight (Fig. 7c) between the three treatments as well as for different 

pot sizes within treatments.  In general, higher production was observed in larger pots 

receiving effluent from aquaculture tanks with higher densities of fish.  
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Figure 7: Average (A) Seed spikes per plant (B) root weight (g, wet weight ww) and (C) average shoot 

weight (g, ww) in each of the treatments.  Blue columns are large pots and red columns are small pots.  

Values are mean ± standard deviation (n = 10).    
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4.4.2.   Fish Growth 

 

All fish, regardless of size class or initial stocking density, grew at approximately 

the same rate over the 10 week experiment (Table 11).  Average fingerling and juvenile 

sizes at the beginning of the experiment were approximately 60g and 450g respectively in 

all three treatments.  At the end of the 10 week experiment, average sizes were 75g and 

465g respectively and no significant difference was observed for either size class among 

the three treatments (Duncan’s Multiple Range Test, MRT; α = 0.05; Table 11).  Average 

growth rates, calculated as a regression of average fish weight over time, ranged from 1.8 

g per week to 2.0 g per week for both fingerlings and juveniles, respectively in each of 

the three treatments.  Growth rates did not significantly vary (Multiple regression 

analysis, p = 0.43) 

 

Table 11: Summary of results of fish growth 

 Fingerlings 

Treatment Wi (g) Wf  (g) dW/dt (g w
-1

) 

1 56 ± 11 73 ± 7 2.0 

2 55 ± 11 78 ± 10 1.9 

3 62 ± 6 81 ± 7 1.8 

 Juveniles 

Treatment Wi (g) Wf  (g) dW/dt (g w
-1

) 

1 449 ± 12 466 ± 10 1.9 

2 451 ± 8 466 ± 10 1.9 

3 449 ± 13 462 ± 15 1.8 

Initial weight [Wi (g)]:  Weight of fish at beginning of the experiment on day 1.  Final 

weight [Wf (g)]:  Weight of fish at end of experiment on week 10.  dW/dt (g w
-1

):  Rate of 

increase in fish biomass calculated as a regression of fish weight over time.  Values are 

mean ± standard deviation (n = 10).   
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4.4.3.   Water Quality 

 

 Neither the amount of nitrogen nor the amount of phosphorous in the effluent 

significantly changed within treatments over time, though concentrations consecutively 

increased from treatment 1 to 2 to 3 (MRT, α = 0.05; Figs. 8a, b).  During the course of 

the experiment, total nitrogen (TN) in treatment 1 ranged from 4.7 to 5.7 mg L
-1

.  TN 

concentrations in tank treatment 2 were approximately 3 times higher than in tank 1 and 

ranged from 14 to 15 mg L
-1

.  Nitrogen concentrations in treatment 3 were highest and 

ranged from 21.7 to 23.7 mg L
-1

.  Phosphorous concentrations also consecutively 

increased from treatments 1 (ca. 5 mg L
-1

) to 2 (ca. 10 mg L
-1

) to 3 (ca. 15 mg L
-1

). 

The amount of total nitrogen in the influent water (i.e. water collected in the 

terminal basin before being pumped back into fish tanks) was significantly lower than in 

the effluent (i.e. irrigation water being delivered to the plants; Fig. 8a).  Hence, a 

significant portion of the nitrogen contained in the effluent water was removed as the 

water moved through the potted soil. Over time, between 64 to 76% of the nitrogen was 

removed in treatment 1, 86 to 91% was removed in treatment 2, and 85 to 92% was 

removed in treatment 3 (Fig. 8a).  Although a higher proportion of nitrogen was removed 

in treatments 2 and 3 compared to treatment 1, no consistent trends were observed in the 

proportion of nitrogen removed over time among the three treatments.  Of the total 

phosphorous concentration, 60% to 84% was removed in treatment 1, 71% to 82% was 

removed in treatment 2, and 74% to 81% was removed from treatment 3.  No trends were 
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observed in the proportion of phosphorous removed within treatments over time or 

among the different systems.   

 

  

Figure 8:  Concentrations (mg L
-1

) of (A) Total Nitrogen (TN) and (B) Total Phosphorous (TP) measured 

from the effluent over time in each of the three treatments.  The blue portion of the column reflects the 

nutrient proportion removed from the water as it migrated through the potted soil.  Values are mean ± s.d. 

 

 

Although the amount of total nitrogen within each treatment did not significantly 

change over time, a large increase in the ratio of organic to inorganic nitrogen was 

observed in the aquaculture effluent—water collected before it entered the pots (Table 

12; Fig. 9).  For treatment 1, organic nitrogen increased from 8% of the total nitrogen to 

being 1.36 times higher than the inorganic nitrogen concentration by week 10 (Table 12).  

In treatment 2, the ratio of organic to inorganic increased from 1% to 47%.  In treatment 
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3, the ratio increased from 11% (week 2) to 99% (week 6) and thereafter decreased to 

73% by week 10.   

 

Table 12: Ratio of organic to inorganic concentrations over time (weeks) 

Week 2 4 6 8 10 

Nitrogen 

Treatment 1 0.08 0.88 1.28 1.54 1.36 

Treatment 2 0.01 0.15 0.28 0.45 0.47 

Treatment 3 0.11 0.61 0.99 0.86 0.73 

 Phosphorous 

Treatment 1 NA* 1.00 2.19 4.67 3.76 

Treatment 2 NA 1.07 5.78 5.19 3.00 

Treatment 3 NA 0.34 5.37 5.73 5.44 

Phosphorous was not measured on week 2. 

 

 

 

Similar trends as those for organic nitrogen rations were observed for 

phosphorous, in which the proportion of organic to inorganic concentrations greatly 

increased over time in each of the three treatments (Table 12; Fig. 9b).  The conversion to 

higher levels of organic nitrogen and organic phosphorous is explained in part by an 

increase in algae populations.  Although algae populations were not regularly enumerated 

over the experiment, algal populations during the middle and end of the experiment were 

greater than 0.25 • 10
4 

cell ml
-1

 and the color of the water became increasingly darker 

green, indicating higher algae concentrations (verified under compound microscope 10x 

using Sedgwick-Rafter cell counter). 
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Figure 9: Total Inorganic (Blue Columns) compared to Total organic (Red Columns) concentrations 

(mg L
-1

) for (A) Nitrogen and (B) Phosphorous 
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4.5.     Discussion 

 

Results from this experiment provide useful information for the potential 

implementation of such technology to the industry.  Aquaculture effluent from the tilapia 

(Oreochromis niloticus), is suitable for irrigating barley (Hordeum vulgare).  In the 

present experiment, barley grew faster and larger when being supplied with aquaculture 

effluent from aquaculture systems with increasing (from 3 to 6 to 9 kg m
-3

) densities of 

Tilapia.  The plants grown with effluent from the highest density of fish in the large pots 

grew at comparable rates to those in fields being supplied with synthetic and organic 

fertilizers under similar temperatures  (Bauer et al., 1984; Haun, 1973; Large, 1954; 

Anderson., 1995)  

The densities of fish that were used in the present study are also commonly found 

in low production extensive systems in many regions throughout the world (Edwards, 

2004) and are easily increased with the addition of turbot, eel, or African catfish (Eding, 

2002).  As demonstrated in the present experiment, such small-scale fish farms may 

significantly benefit by applying the aquaculture water on adjacent plant fields.  With 

regard to commercial industry application, the addition of aquaculture effluent may also 

greatly reduce operational costs.   In field based agriculture, the surface application of O. 

niloticus effluent to barley fields may increase production yields above that achieved in 

rain-supplied agriculture alone because of the addition of essential nutrients.  Even in 

more advanced agriculture systems that utilize large-scale surface irrigation systems, the 

infusion of aquaculture effluent may be used as a substitute or additive to fertilizer 
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applications in water to enhance agriculture productivity (pers. Communication Tark 

Rush).   

Realizing the benefits of using aquaculture effluent as a combined irrigation and 

nutrient source is dependent upon maintaining the plants in suitable soil conditions.  As a 

general principal in agriculture, barley, like many crops, needs to be planted and 

maintained in soil which has not only an appropriate bulk density but also enough volume 

to allow proper root growth  (Boone, 1986; Avidsson & Hakansson, 1991; Stirzaker et 

al., 1996). In the present experiment, plants grew well in all pots, though plant size was 

significantly larger in the larger pots than the smaller pots, even when supplied with the 

same aquaculture effluent.  The reason for obtaining smaller plants in the smaller pots 

cannot be determined from this experiment.  However, root structures spread throughout 

the containers in both the large and small pots, so root structures were confined and 

limited to the volumes of the containers.  Also, because the same aquaculture effluent 

was being delivered to large and small pots, the smaller pots received twice the liquid and 

nutrient load per unit volume of soil.  This may have changed soil physical and chemical 

properties, and may have changed the soil aeration status to the detriment of the plants in 

smaller pots. 

An important concept for implementation of RIAA technology used in the present 

study is that in terms of plant growth rates and grain yields, results would not likely be 

improved by increasing the density of fish without having to perform further water 

treatment, soil treatment, or a combination of the two.  The soil in the smaller pots, and to 

a lesser extent in the larger pots, began to develop a layer of algae and flocculated 
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material slowly over the course of the experiment when receiving aquaculture effluent 

from 9 kg m
-3 

of fish.  This was probably due to the high nutrient concentrations.  As a 

result, in some pots the soil appeared to become increasingly impermeable to the 

aquaculture effluent over time—indicated by surface pooling of aquaculture effluent in 

the final weeks of the experiment.  While the plants in these pots grew to harvestable 

heights and produced the maximum number seek spikes within 10 weeks (Bauer et al.,  

1984; Haun, 1973; Large, 1954; Anderson, Oelke, & Simmons, 1995), repeating the 

experiment without replacing or tilling the soil would not likely be possible due to build 

up of the surface mat.  Field based systems may be able to overcome this challenge by 

tilling the soil after each crop cycle.  However, aquaculture effluent from intensive 

systems would likely need to be treated via dilution (i.e. addition of freshwater) or 

nutrient removal via physical filtration, for long-term application to agriculture fields.   

Another important concept identified in this study was that nutrient inputs must be 

balanced by total nutrient removal to avoid nutrient accumulation in re-circulating 

systems over the long-term.  The importance and complexity of nutrient removal and 

management in re-circulating multi-trophic systems have been well documented (e.g. 

reviews by; (Neori., 2004; Colt, 2006).  Nitrogen and phosphorous are most widely 

studied because of their preponderance and susceptibility for accumulation.  With regard 

to N and P in the present study; (1) the only source of nutrient input into the system was 

the daily added fish feed, (2) the only measured removal occurred with the harvesting of 

fish and plants (3) several nutrient sinks and tranformational proccesses occurred which 
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maximized nutrient conversion from feed to fish to plants.  An illustration of these 

proccesses are shown in Fig. 11. 

 

 

Figure 10: Illustration of the macronutrient flow (N and P) in an integrated agriculture-aquaculture system 

(modified from [ (Schneider, Sereti, Eding, & Vereth, 2005)] Solid boxes are sources of nutrient sink.  

Dashed boxes are nutrient transformations. Nutrient sinks removed from system are in red.  Nutrients added 

to system are in green. 

 

 In the present study, both the amount of daily feed and total fish biomass 

remained constant.  Thus, rates of nutrient input and rates of nutrient assimilation into 

fish biomass were assumed to have been in a steady state throughout the experiment.  As 

demonstrated in a number of other studies, the nitrogen in the feed that was not 

assimilated into fish biomass is assumed to have been liberated from the decomposition 

of uneaten fish feed and as excrement through fish feces, transformed by ammonification 

and nitrification processes (i.e. fish waste processing), and assimilated by phototrophic 

algae and herbivore communities, bacteria, and detrivores organisms (Shilo & Rimon, 
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1982; van Rijn et al., 1984; Diab & Shilo, 1986).  Additional nitrate may have been 

generated by the oxidation of ammonia by autrotrophic nitrifying bacteria, then lost via 

denitrification as N2 or N2O gases under anoxic conditions.  Ultimately however, the total 

amount of nitrogen and phosphorous remained in steady state in the aquaculture effluent 

concentrations, as demonstrated by relatively constant nutrient levels each treatment over 

the course of the experiment.  

 In contrast to the original hypothesis, the reduction in nutrients as the water 

migrated through the potted soil profile is not explained by the complete conversion to 

plant biomass.  Total nitrogen in the effluent and influent irrigation in treatment 3 for 

example, remained consistent at around 22 mg L
-1 

and 1.8 mg L
-1 

respectively, indicating 

a reduction of 20 mg L
-1 

or 92%.  Yet, the reduction in nutrient load remained constant 

over the experiment despite retarding plant growth rates.  No correlation was observed 

between plant growth rates and nutrient reduction.  Thus, a portion of the nutrients 

entering the soil matrix was not assimilated into barley biomass.  Some of these nutrients 

are assumed to have been assimilated into algal biomass that was observed to increase 

over the course of the experiment.  An increase in algal biomass also correlated to the 

observed increase in the ratio of nutrients in the organic versus inorganic forms.  Lastly, 

the increase in organic versus inorganic nutrient forms suggests that that a portion of the 

nutrient load not utilized by the plants was assimilated into microbial populations in the 

potted soil.   

The last important concept towards industry implementation is that good fish 

production, in terms of biomass gain, was achieved among the fingerlings despite having 
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no direct effluent treatment methods other than those performed by the soil.  The average 

fingerling growth rates of approximately 2.0 g d
-1

 are comparable to those of intensive 

commercial operations (Alasgah & Ali., 1994).  However, similar growth rates observed 

for the juveniles are well below industry standards.  One explanation for the good 

performance of the fingerlings and poor performance for the juveniles is the build-up of 

algal populations over the course of the experiment.  Smaller fingerlings have shown to 

be better able to utilize and convert algae in the water to biomass (Shpigel et al., 1993).  

Juvenile tilapia, however are not able to convert algae to biomass and instead require a 

higher protein content fish feed.  Density-dependent growth limitations are not believed 

to have occurred in this experiment.  The highest density used, 9 kg m
-3

, is well below 

those shown in the literature to have resulted in density-dependent growth inhibition 

(Yang, 1996).  

 

4.6.     Conclusion 

 

The integration of aquaculture and agriculture using soil-based media 

demonstrated proof of concept of the various economic and environmental benefits.  In 

terms of economics, barley plants grew readily when supplied with nutrient enriched 

aquaculture effluent.  For aquaculture systems already in place throughout many 

developing and least developed countries, the co-development of low cost input field-

based agriculture systems and re-utilizing the water contributes a valuable bi-product and 

secondary income source.  Moreover, in terms of the environment the aquaculture 
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effluent is effectively purified as it migrates through a soil profile.  A potential 

disadvantage of this, as demonstrated in the present experiment, is that nutrients may 

build up in the soil profile over the long term.  While tilling the soil and facilitating 

organic breakdown via microbial digestion may overcome this problem, further 

experimental research is needed to monitor and better understand the nutrient budget 

regarding inputs into the system, assimilation into organic forms including algae, 

microbial, and plant based populations, and outputs which are either transferred back into 

the system or are released to the open environment.  This is especially critical in many 

developed and least developed countries where discharge is poorly regulated or 

underreported.   Another potential advantage of the present system is that the benefits 

may be shared among groups of individuals including small communities.  In rural poor 

areas, a community may divide the labor tasks and collectively share the benefits 

including food source and generated income.  The benefits and social dynamics of group 

based management of integrated agriculture systems are currently being explored through 

implementation of integrated agriculture systems in rural communities in Mexico.  While 

the results from the present study are also applicable to intensive production systems 

more commonly found in developed countries, further experiments are needed to 

determine the conditions necessary for the technology to be economically competitive.  

Profitable intensive tilapia production systems maintain fish biomass densities of 60 kg 

m
-3 

or greater; nutrients in the effluent from these systems are highly concentrated.  Such 

effluent may be distributed over large agriculture fields, though the long-term effects on 

soil quality remain largely unknown. 
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UTILIZING TILAPIA (Oreochromis niloticus) EFFLUENT TO GROW BASIL 

(Ocimum basilicum) USING RE-CIRCULATING INTEGRATED AGRICULTURE 

AQUACULTURE TECHNOLOGY 

 

5.1.     Abstract 

 

Intensive aquaculture systems are costly due to the amount of water, feed, and effluent treatment 

needed to sustain operations.  Integrating agriculture with aquaculture is one solution which can 

be used to generate high yields of fish and plant production while managing effluent in a cost-

effective manner.  Experiments were performed using Re-circulating Integrated Agriculture-

Aquaculture (RIAA) systems in a greenhouse environment.  Three RIAA systems were 

simultaneously run in which aquaculture effluent from tanks with increasing densities of tilapia 

were used to irrigate basil plants to demonstrate the environmental and economic benefits of 

RIAA systems within a soil based medium.   Water quality was monitored over time by 

measuring total nitrogen, nitrate, ammonia, total phosphorous, and inorganic phosphate and 

calculating organic nitrogen and organic phosphorous concentrations in both the effluent and 

influent.  Plant and fish growth rates were also measured over time.  Nutrient concentrations in 

the effluent increased in correlation to increasing fish densities, which in turn correlated to rates 

of plant biomass gain.  Greater than 80% of the nutrient load was extracted from the effluent as it 

migrated through the potted soil in all three treatments.  No correlation was found between 

nutrient extraction and plant size.  As the experiment progressed, nutrient concentration increased 

over time in the aquaculture tanks with higher fish densities and a buildup of a surface mat was 

observed on the soil.  This project demonstrated proof of concept that integrated aquaculture 

systems using soil based mediums provide several economic and environmental benefits.  Future 

work will focus on the implementation of this technology to the industry. 
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5.2.      Introduction 
 

Integrated Agriculture-Aquaculture (IAA) involves the co-production of two or 

more species in a single system designed to maximize production yields relative to 

system inputs.  IAA production with multiple species from various orders of the food 

chain, also called multi-trophic agriculture systems, have been practiced throughout the 

world for thousands of years (Chimits, 1975; Costa-Pierce, 1987). Yet the application of 

such technology today remains largely dominated, by small-scale extensive production 

systems with relatively low production volumes (Frankic & Hershner, 2003). Within the 

past couple of decades, however, new interest has emerged in the development of 

intensive IAA technology within the United States. While IAA technology and system 

design are wide-spread, aquaponics is one of the most widely recognized (Rakocy, 

1999a, b; Naylor et al., 2000; Davenport et al., 2003).   

Aquaponics involves the co-production of plants and aquatic animals in a 

symbiotic relationship (Ryther et al., 1975; Rakocy., 1989; Sarig, 1989; Saylor et al, 

1991; Bergheim et al., 1993; Arbiv & van Rijn, 1995).  The water from fish production is 

laden with nutrients from fish waste and uneaten feed.  Irrigating plants with the effluent 

thus serves as both a source of nutrient fertilizer and water.  In turn, the plants function as 

a biological filter as they assimilate the nutrients into plant biomass, thus removing them 

from the aquaculture effluent (Vandermuelen & Gordin, 1990; Cohen & Neori, 1991).  

Studies of the nutrient balance of hydroponic systems have been well documented and 

arguably have paved the way towards commercial application.   
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Pursuit of further commercial applications of hydroponic systems is warranted 

because of the potential inter-related economic and environmental benefits.  However, 

several important agriculture plant species are unable to grow with their roots submerged 

in the aqueous environment for the grow-out phase of production. Moreover, hydroponic 

RIAA technology is relatively expensive and requires significant capital investment (e.g. 

financial, labor, and expertise), and is therefore difficult to implement internationally in 

rural communities of developing regions.  Diversified crop production using aquaculture-

hydroponics technology is thus limited internationally (FAO,1998a,b; FAO, 2000). 

To increase the potential application of IAA technology, a research program was 

developed at the University of Arizona Environmental Research Laboratory, in Tucson, 

Arizona with the objective of integrating the concepts of hydroponic technology and field 

based agriculture.  Re-circulating IAA systems (RIAA) were previously developed in 

which aquaculture effluent was used to irrigate potted plants maintained in a soil based 

medium.  After migrating through the potted soil, the aquaculture effluent is re-collected 

and pumped back into the aquaculture tanks.  As demonstrated in previous studies, the 

soil serves as a physical filtration method that captured and removed a significant portion 

of the nutrient load from the aquaculture effluent.  The present experiment builds upon 

previous work in which basil are grown using RIAA technology.  The working 

hypothesis tested in the present study is that the nutrient budget can be maintained over 

time, where nutrient inputs are balanced by assimilation and extraction rates (i.e. 

extraction of plants and fish), and also that a reduction in nutrient concentrations in the 

effluent will correspond to increases in plant biomass yields.  The overall aim of this 
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work is to demonstrate not only that integrated technology has broad application by 

providing the requirements for maximizing both fish and plant production while 

managing the nutrient budget in a cost-effective solution. 
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5.3.     Materials and Methods 

5.3.1.   RIAA System Development 

 

 

An experiment was set up in a greenhouse similar to that described in Chapter 3.  

Briefly, three RIAA systems were simultaneously run in which water from 5m
3
 fiberglass 

Doughboy® containing 3000 L of water and tilapia (Oreochromis niloticus), was used to 

irrigate individually potted plants.  Temperatures in the greenhouse remained between 25 

and 36°C.  Basil (Ocimum basilicum) was planted into 150 pots (75 large ~4 L, and 75 

small ~ 2 L) arranged in a 30 m x 1 m (length: width) common pot array consisting of 

two rows (Fig. 12).  The pots were filled with a soil mixture of 1 part Sunshine mix #1 

(Sun Gro Horticulture®) to 3 parts bleached sand.  The pH of the soil remained between 

5.0 and 7.0 as a result of the buffering capacity of the dolomitic lime that was included in 

the Sunshine mix. 

Water was evenly distributed to all pots using a surface irrigation drip system 

(See chapter 3 for system setup). At the start of the experiment, water samples were 

collected over a 2 minute period from 10 randomly selected emitters.  The volumes 

differed by less than 10%, and thus water at the start of the experiment is assumed to 

have been distributed to all plants relatively evenly.  As the experiment progressed, some 

emitters became clogged and were noticeably emitting less water.  All emitters were 

subsequently checked on a weekly basis to ensure even water flow.  Although care was 

taken to ensure even water distribution through the course of the experiment, slight 

variation in plant growth may be explained by these differences in water allocations. 
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Figure 11: Illustration of RIAA system.  The common pot array (30m x 1m; Length:Width) consisted of 

(A) 75 large 4 L pots and (B) 75 small 2 L pots.   

 

 

Re-circulation was achieved by building the system at a slight decline (~ 2°).  

Thus, after being emitted to the plants, the aquaculture effluent migrated through the 

potted soil, collected in stainless steel channels, and traveled along the incline.  At the 

terminal end of the system, water was collected in a plastic basin and then pumped back 

into the aquaculture tank (Fig. 12).  Pots were elevated off the bottom of the channels by 

placing a plastic ring under them to ensure that water would not be reabsorbed by 

downstream plants as the effluent flowed along the negatively sloped channels. Re-

circulation was run for a period of one week prior to the start of the experiment in order 

to equilibrate each RIAA system.  Equilibrium was established when 

nitrogenconcentrations (nitrate, ammonium, and total nitrogen) measured from water 
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samples extracted from valves located before and after the plant beds, were the same (see 

treatment parameters and sampling protocols below).  

 

5.3.2.   RIAA Treatment Parameters and Sampling Protocols 

 

The experiment took place over 15 weeks from June to August.  Prior to the start 

of the experiment, basil seeds (Ocimum basilicum) were planted into seed germination 

trays and watered daily.  When approximately 1 cm tall, the basil seedlings were 

transplanted into the pots in the RIAA system. Seedlings were transplanted into large pots 

(~4L volume) or small pots (~2L volume), each pot containing one plant.  By the time the 

plants were transferred, the RIAA system had reached equilibrium.  Immediately 

following the transfer of the seedlings, the three 5,000 L fiberglass pools were stocked 

with Tilapia Oreochromis niloticus juveniles (weight 500 ± 100 g) at a biomass density 

of either 3 kg m
-3

, 6 kg m
-3

,
 
or 9 kg m

-3
. 

Systems in treatments 1, 2, and 3 were stocked with a total of 9, 18, and 27 kg of 

juvenile Tilapia respectively (Table 13).  In treatment 1, the aquaculture effluent from a 

tank containing tilapia at a biomass density of 3 kg m
-3 

was administered to 150 basil 

plants.  Treatment 2 used effluent from tanks with 6 kg m
-3

 to irrigate basil, and treatment 

3 used effluent from a tank with 9 kg m
-3

.  Fish biomass density was maintained constant 

throughout the experiment by periodically measuring fish weight, calculating the total 

biomass by multiplying average weight by number of fish, and removing individual fish 

as needed.  Within the first week of the experiment, however, a fish die-off occurred, 
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presumably to water temperatures reaching 34°C and resulting depleted oxygen levels.  

Remaining fish were quickly transferred to new tanks and the greenhouse and water 

temperatures were cooled to suitable temperatures.  Shortly thereafter surviving fish were 

added back into the system, and additional fish were added to reach the desired total 

biomass for each tank.  Fish were fed daily with a 34% protein by weight dry pellet feed 

(Silver Cup®) at 1.0% body weight per day. 

 

Table 13:  RIAA treatment parameters experiment 2.  

Parameters Treatment 1 Treatment 2 Treatment 3 

Fish density (kg/m
3
) 3 6 9 

Total water volume (10
3
 L) 3 3 3 

Total fish biomass (kg) 9 18 27 

Daily added Fish feed (kg) 0.09 0.18 0.27 

Number of plants 150 150 150 

 

 

 

O. niloticus weight was measured every 5 weeks by extracting and individually 

weighing 10 juvenile fish from each treatment.  Basil plant heights were measured every 

third week by randomly selecting 10 plants from both the large and small pots in each 

treatment.  Plants were randomly selected each sampling period. The height was recorded 

as the distance from the soil to highest part of the plant when vertically straightened.  At 

week 15, ten randomly selected basil plants were harvested in each treatment from both 

the large and small pots (n =20) and individually weighed (fresh weight). 

Nitrate, ammonium, total nitrogen (TN), inorganic phosphate, and total phosphate 

(TP) concentrations were measured on day 1 (week 0) and every fifth week from three 
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100 ml water samples collected from valves located both before and after the plant beds 

in each of the three treatments.  Nutrient concentrations were measured using Hach Test 

Kits.  Nitrate-nitrogen (NO3-N) was tested using a cadmium reduction colorimetric 

reaction with NitraVer
(R)

 5 reagents and measuring transmittance on a Pocket 

Colorimeter
TM

  II photometer at 528 nm.  Ammonium-nitrogen (NH3-N) was measured 

using a salicylate colorimetric method with ammonia cyanurate and ammonia salicylate 

reagents.  Total nitrogen was tested using a persulfate digestion method in a Test 'N Tube 

reagent set (Hach
®

).  Inorganic nitrogen concentration was calculated by adding nitrite 

and ammonia concentrations.  The concentration of organic nitrogen was calculated as 

the difference between total nitrogen and inorganic nitrogen concentrations.  Organic 

phosphorous concentration was calculated as the difference between total phosphorous 

concentration and inorganic phosphate.  

 

5.3.3.   Statistical Analysis 

 

General Linear Models (SAS 9.2) and Analysis of Variance (ANOVA) were used for 

assessing statistical differences within and among treatments.  A posteriori test, Duncans 

Multiple Range Test (MRT; α = 0.05), were used to identify homogenous groupings.  

Rates of growth were compared using Multiple Regression Analysis (MRA; α = 0.05).  

Student’s t-test was used for comparisons between two groups.  Correlations were tested 

using Pearson’s correlation coefficients.   
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5.4.     Results 

 

5.4.1.   Plant Growth 

 

By week 15, all plants in the large pots grew to approximately the same height (38 

± 6 cm; avg. ± s.d.) in all treatments (Fig 13a). Plant heights in the small pots were also 

similar in all three treatments (28 ± 5 cm) at week 15.   No significant difference was 

observed among the average plant heights within either the large pots or the small pots 

(DMR; α = 0.05), though plants in the large pots were significantly higher than those 

cultivated in smaller pots (Table 14; Fig. 13a, b).   

Although plant heights were similar at week 15, the rates of growth (MRA, α = 

0.05) as well as the durations of growth (MRT, α = 0.05) significantly varied over the 

course of the experiment between the three treatments.  These differences are 

characterized by two general trends: 1) potted plants being supplied with aquaculture 

effluent from the tanks with higher densities of fish grew more quickly, and 2) rates of 

growth were inversely related to duration of growth (Table 14).  Plants in the large pots 

grew linearly at a rate of 2.3 cm w
-1 

for 15 weeks in treatment 1, 3.7 cm w
-1 

for 12 weeks 

in treatment 2, and 4.0 cm w
-1 

for 9 weeks in treatment 3.  In the small pots, plants grew 

at a rate of 1.5 cm w
-1 

for 15 weeks in treatment 1, 2.9 cm w
-1 

for 9 weeks in treatment 2, 

and 3.4 cm w
-1 

for 9 weeks in treatment 3 (Table 14).  
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Figure 12: Plant height (cm) over time (weeks) in  

A) Small Pots. B) Large Pots irrigated with effluent from tanks stocked with 9 kg (closed squares), 18 kg 

(closed diamonds), and 27 kg (closed triangles) of tilapia.  Values are mean ± s.d. 
 

 

 

Table 14: Summary of results of plant growth in experiment 2 (Fig. 2) 

Treatment: Pot 

Size 

Growth Period  

(w) 

dN/dt 

(cm w
-1

) 

Final Height  

(cm) 

Final Height 

Std. Dev. 

1: Large 15 2.3 35.1 4.1 

2: Large 12 3.7 38.1 6.8 

3: Large 9 4.0 38.4 4.5 

1: Small 15 1.5 23.4 4.2 

2: Small 9 2.8 29.4 4.5 

3: Small 9 3.4 32.4 5.0 

Features of plant growth are indicated.  Growth period (weeks):  length of time that plant 

heights increased linearly.  dN/dt (cm w
-1

):  Rate of growth as cm per week calculated as 

a regression during the linear portion of plant height increase.   
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Although no significant differences were observed between the average final 

heights, final weights largely varied between treatments for the plants in the large pots 

and also in the small pots.  In the large pots, average plant weights were 22, 36, and 37 g 

per plant for treatments 1, 2, and 3 respectively.  Average weights for plants grown in 

small pots were 12, 19, and 22 g for the three treatments respectively (Fig. 14).  The 

disparity between finding no significant height differences yet significant weight 

differences is explained by the fact that weight increased exponentially with height (Fig. 

15).  Thus, modest increases in height result in significant biomass gain.   

 

 

 

 

Figure 13: Average Plant weight (g) occurring the different pot sizes, Large and Small, in each of the three 

treatments.  Bars are ± s.d. (n =10). 
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Figure 14: Relationship between basil Height (cm) and Weight (g) for plants collected at the end of the 

experiment on week 15.  As height increase, weight increases exponentially (y = e
0.092x 

; R
2 

= -0.34). 
 

 

5.4.2.   Fish Growth 

 

Final weight gain over the 15 week experiment was logarithmic in each treatment. 

No significant gain was found between weeks 10 and 15, however taking into 

consideration the total weight gained over the full 15 week experiment, average gain per 

fish for treatments 1, 2, and 3, were 340, 305, and 231 g respectively.  This equates to a 

daily percent biomass gain of 0.8%, 0.6%, and 0.5% relative to initial weight.  No 

significant differences were found between the initial weights or the final weight between 

the three treatments (MRT; α = 0.05; Table 15), though significant growth occurred 

within each treatment over time.  
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Figure 15: Average fish weight (g) over time (w). Bars are ± s.d. (n =10) 

 

 

 

Table 15:  Avg. fish weight in exp 2:  Initial (Wi), Final (Wf), Gain per day (Wgain D
-1

 (g) 

Treatment Wi (g) Wf  (g) Wgain D
-1

 (g) %Wgain D
-1

 

1 492 ± 72 833 ± 103 3.2 0.8 

2 513 ± 60 818 ± 98 2.9 0.6 

3 512 ± 60 744 ± 126 2.2 0.5 

Values are average ± standard deviation (n = 10).   
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5.4.3.   Water Quality 

 

 Both the total nitrogen (TN) and total phosphorous (TP) in the effluent 

consecutively increased from treatment 1 to 2 to 3 (MRT, α = 0.05; Figs. 17a, b) 

presumably due to having higher densities of fish.  Significant differences were also 

observed in TN within treatments over time (MRT, α = 0.05).  Though TP slightly 

increased over time in each treatment, the increase was not significant (Figs. 17a, b).  Not 

unexpectedly, nutrient concentrations in all treatments rapidly increased after the start of 

the experiment on day 1 (week 0), upon the addition of fish to the system and subsequent 

addition of fish feed which contained high levels of protein and thus nitrogen. 

 Upon increase after day 1 (week 0), average TN in treatment 1 remained constant 

(MRT, α = 0.05) and ranged from 6.0 to 7.3 mg L
-1 

from weeks 5 to 15.  TN in treatment 

2, however, increased over time from 13.2 (week 5) to 17 mg L
-1

 (week 15) and also 

increased in treatment 3, from 19.0 to 24.0 mg L
-1 

from weeks 5 to 15, respectively.  

After the initial increase in concentration to week 5, TP concentrations remained stable in 

all treatments, and ranged from 2.5 to 3.2 in treatment 1, 4.4 to 5.8 in treatment 2, and 

from 9.2 to 11.4 mg L
-1

 in treatment 3 (MRT, α = 0.05; Figs. 17a, b).   
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Figure 16: (A) Total Nitrogen (TN) and (B) Total Phosphorous (TP) concentration (mg L
-1

) over time 

(weeks).   The blue portion of the column reflects the proportion of nutrients that were removed from the 

water as it migrated through the potted soil. 

 

 

 

The amount of total nitrogen in the influent water (i.e. water collected in the 

terminal basin before being pumped back into fish tanks) was significantly lower than the 

effluent (i.e. irrigation water being delivered to the plants; Fig. 17a).  Hence, a significant 

portion of the nitrogen contained in the effluent water was removed as the water migrated 

through the potted soil.  78 to 83% of the nitrogen was removed in treatment 1, 70 to 77% 

was removed in treatment 2, and 76 to 82% was removed in treatment 3 (Fig. 17a).  No 

consistent trends were observed in the proportion of nitrogen removed over time among 

the three treatments.  Of the total phosphorous concentration, 77 to 87% was removed in 

treatment 1, 84 to 89% was removed in treatment 2, and 80 to 90% was removed from 
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treatment 3 (Fig. 17b).  No trends were observed in the proportion of phosphorous 

removed within treatments over time or among the different systems.   

In addition to significant increases in total nitrogen over time, a large increase in 

the ratio of organic to inorganic nitrogen was observed (Fig. 18a; Table 16).  For 

treatment 1, organic nitrogen increased from 17% of the total nitrogen (week 0) to being 

1.62 times higher than the inorganic nitrogen concentration by week 15.  In treatment 2, 

the ratio of organic to inorganic increased from 1 to 45% and in treatment 3, the ratio 

increased from 82 to 1.72 times higher than inorganic nitrogen (Table 16) in the 

aquaculture effluent. 

 

 

 

 

Figure 17: Comparison of organic (red column) to inorganic (blue column) concentrations (mg L
1
) over time 

(weeks) for (A) Total Nitrogen (TN) and (B) Total Phosphorous (TP). 
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Table 16:  Ratio of organic to inorganic concentrations in the aquaculture effluent 

Week 0 5 10 15  

 Total Nitrogen 

Treatment 1 0.17 1.33 1.8 1.62 

Treatment 2 0.01 0.15 0.28 0.45 

Treatment 3 0.82 0.83 1.87 1.72 

 Total Phosphorous 

Treatment 1 0.52 0.50 3.24 3.85 

Treatment 2 4.89 1.54 4.89 3.85 

Treatment 3 0.52 2.45 5.02 5.55 

 

 

Similar trends were observed for phosphorous in which the proportion of organic 

to inorganic concentrations greatly increased over time in each of the three treatments 

(Table 16; Fig 17b).  The conversion to higher levels of organic nitrogen and organic 

phosphorous is likely explained by an increase in algae populations.  
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5.5.     Discussion 

 

As in past experiments, potting individual basil plants is not feasible as a 

commercial business model.  However, results from this experiment provide useful basic 

information with practical application to the industry.  Firstly, this experiment 

demonstrated that aquaculture effluent from the tilapia (Oreochromis niloticus) is suitable 

for irrigating basil (Ocimum basilicum).  By week 15, all plants in the large pots reached 

the same terminal heights and weights regardless of applying aquaculture effluent with 

increasing nutrient regimes.  However, the basil plants that were supplied with 

aquaculture effluent from aquaculture systems with increasing densities of Tilapia—from 

3 to 6 to 9 kg m
-3

 reached terminal sizes more quickly.  Thus, in terms of rapid 

production, the application of aquaculture effluent from tanks with increasing densities of 

fish improved the growth performance.  In fact, the plants in the large pots that received 

aquaculture effluent from tanks with 9 kg m
-3 

grew to weights of ca. 50 g by week 9 

(calculated using exponential regression equation derived in Fig. 14. with 40 cm height), 

At nine week harvesting intervals, a total of 5.7 crops could be potentially harvested per 

year by cutting the stems and allowing shoot regeneration as is often done in commercial 

operations.   

The basil plants in the present experiment grew at comparable or better rates to 

those in large-scale intensive field operations being supplied with synthetic and organic 

fertilizers in (Anon., 1980; Darrah, 1984; Simon et al., 1990).  Therefore, plant growth in 

the present study is not believed to be limited by low nutrient levels.  Further increasing 
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fish densities, in order to increase nutrient levels, would therefore not likely increase the 

plant production yields.  However, the fish densities used in this study, 3, 6, and 9 kg m
-3 

are common among low production extensive systems found throughout the world 

(Edwards, 2004; FAO, 1998a; 1998b).  Increasing revenues in these small-scale farms 

may be readily achieved by applying the aquaculture effluent as a surface application on 

adjacent field plots containing basil plants.  Even in more technical field based 

agriculture operations, the infusion of aquaculture effluent into the surface irrigation 

system to enhance or substitute current fertilizers may greatly reduce operational costs. 

 A second important concept for the application of aquaculture effluent to grow 

basil in soil is that to realize the benefits of integrated farming over the long-term, plants 

must be maintained in suitable soil conditions (Boone, 1986; Avidsson et al., 1991; 

Stirzaker et al., 1996).  In the present experiment, basil grew on average, 170% larger in 

the 4L pots compared to the 2L pots, when supplied with aquaculture effluent from tanks 

with 9 kg m
-3

of tilapia.  As described previously (see chapter 4), these results may be due 

to smaller soil volume and correlating smaller generation of root structure. 

Nitrogen and phosphorous nutrient loads in re-circulating multi-trophic systems 

have received considerable attention in other studies because of their preponderance and 

susceptibility for accumulation (e.g. reviews by; Neori., 2004; Colt, 2006; Crab et al., 

2007).  As described in chapter 4, regarding nitrogen and phopshorous; (1) the only 

source of nutrient input into the system was the daily added fish feed, (2) the only 

removal occurred with the harvesting of fish and plants, (3) several nutrient sinks and 

tranformational proccesses occurred (Fig. 11).  Unlike previous studies however, nutrient 



132 
 

 
 

concentrations not only subsequently increased from treatment 1 to treatment 2 to 

treatment 3, in correlation to increasing densities of fish, but concentrations within 

treatments increased over time.  These increases are explained within the context of a 

nutrient budget. 

In the present study, the addition of nutrients in the form of fish feed and the 

removal of nutrients from fish harvesting remained constant over the experiment. The 

nutrients not assimilated into fish biomass were likely transformed by ammonification 

nitrification and denitrification processes, and subsequently assimilated by phototrophic 

algae and herbivore communities, bacteria, and detrivorous organisms (Shilo & Rimon, 

1982; van Rijn et al., 1984; Diab & Shilo, 1986).   

Unlike previous experiments, however, nutrient concentrations began to increase 

over time in the aquaculture effluent in the large pots.  The likely explanation is that over 

time the nutrient load being delivered to the pots began to exceed the assimilative 

capacity of the soil biota communities and the non-assimilated nutrients migrated through 

the soil profile and back into the aquaculture tanks in the influent water.  Over the course 

of the experiment, a significant proportion of the nutrient load in the aquaculture effluent 

was removed from each treatment as the water migrated through the soil profile. In 

treatment 3, for example, 76 to 87% of the total nitrogen was removed from all measured 

samples.  As described in chapter 4, results suggests that large portions of the nutrient 

load were removed by the physical filtration and captured by the soil itself, assimilated 

into bacterial and plant biomass.  Yet, in this experiment, plants stopped growing prior to 

the end of the experiment.  In treatment 3, for example, terminal plant growth was 
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reached by week 9.  Thus, nutrient assimilation into plant biomass is assumed to have 

stopped, despite the continued removal of approximately 80% of nutrient load in the 

aquaculture effluent.   

The last important concept towards industry implementation is that good fish 

production, in terms of biomass gain, was achieved among the fingerlings despite having 

no direct treatment methods other than that performed by the naturally occurring 

biological communities and the physical filtration of the soil itself.  The average 

fingerling growth rates of approximately 3.0 g d
-1

 (0.8% per day), is reasonably high and 

comparable to extensive commercial operations, though less than intensive commercial 

operations in the United States (Yang et al., 1996).   

 

5.6.     Conclusion 

 

This study further demonstrated proof of concept of the many economic and 

environmental benefits of utilizing RIAA systems.  Economically, the basil plants grew at 

rates comparable to those in intensive field based agriculture operations while being 

supplied with aquaculture effluent from tanks with 9 kg m
-3 

of fish.  No additional 

sources of fertilizer were used.  Fish growth was also comparable to industry standards.  

The system thus generated high yields of both plants and animals through the cost 

effective conversion of wastes generated by the fish to plant biomass.  

As observed in the present study, the disadvantage of RIAA systems using soil 

mediums is that nutrients are prone to accumulate over time in the soil profile.  
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Additional measures may be taken (e.g. tilling the soil, or heavy aeration to promote 

microbial degradation of organics) to reduce the negative impacts of soil degeneration 

(e.g. soil compaction).  However, further research is needed to monitor and better 

regulate the nutrient budget in terms of balancing nutrient inputs, nutrient sink sources, 

and nutrient removal through product harvesting.  This is especially critical for 

intensification of the proposed RIAA technology to for industrial application.  Profitable 

intensive tilapia production systems maintain fish biomass densities of up to 50 kg m
-3

.  

Thus, nutrient concentration in the effluent from these systems are highly concentrated 

and scaling the RIAA technology in the present study towards industrial application 

would require further analysis on the long-term application affects on soil quality over 

large agriculture fields.   
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UTILIZING EFFLUENT FROM TILAPIA (Oreochromis niloticus) TO GROW 

LETTUCE (Lactuca sativa) AND BASIL (Ocimum basilicum) USING MULTIPLE 

LEVEL RIAA TECHNOLOGY. 

6.1.      Abstract 

 

Balancing the nutrient regime in RIAA systems is challenging and nutrients are prone to 

accumulate when the rates of assimilation and extraction are less than the rate of input.  A 

multiple level Re-circulating Integrated Agriculture-Aquaculture system (MRIAA) was 

developed as a means to help balance the nutrient budget and to maximize the conversion of 

nutrients contained in tilapia effluent into basil and lettuce biomass.  Multiple levels were built  to 

increase the plant growing  area relative to floor surface,  decrease the application of aquaculture 

effluent, and increase plant biomass yield per unit area. Water quality was monitored over time 

by measuring total nitrogen (TN), nitrate, ammonia, total phosphorous (TP), and inorganic 

phosphate, and calculating organic nitrogen and organic phosphorous concentrations in both the 

effluent and influent water.  Plant growth rates were measured.  The results showed that the 

nutrient budget was balanced in the MRIAA system, i.e. no significant increase in nutrient 

concentrations was observed over time.  Nutrient levels were also reduced by 410% from 

previous experiments due to: 1) increasing the irrigation volume and decreased nutrient load per 

unit soil volume and 2) providing additional filtration through a gravel bed.  Despite several 

economic and environmental advantages, engineering and plant production limitations remain 

which must be further explored to maximize the benefits of multiple level RIAA technology.   
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6.2.      Introduction 

 

Integrating aquaculture with agriculture in re-circulating systems has been 

demonstrated to be an effective method for converting fish waste (i.e. uneaten food and 

fish excretion), to profitable plant products (van Rijn, 1996; Rakocy, 1997; Rakocy, 

1999).  Not only does this represent an economic gain through the production of multiple 

products, but also cost savings through low cost treatment of aquaculture effluent 

(Vandermuelen & Gordin, 1990; Cohen & Neori, 1991).  In previous experiments RIAA 

technology was developed in which aquaculture effluent was used to irrigate plants in 

potted soil.  After migrating through the soil profile, the water was re-collected and 

pumped back into the aquaculture tanks.   These experiments were originally performed 

with the belief that as a result of the symbiotic relationship between the fish and plants, a 

reduction in nutrient concentrations would be observed in correlation with the increase in 

plant biomass.  While nutrients were assimilated into plant biomass, no relationship was 

found between the reduction in nutrient concentrations and plant growth.  Rather, 

evidence suggests that the nutrient load was greatly reduced (by approximately 80%) as a 

result of the filtration of nutrients by the soil.   

The capture and removal of nutrient load from the aquaculture effluent represents 

a low-cost treatment method.  However, though accumulation of algae and other 

materials on soil surfaces may negative impact soil quality over the long-term.  As such, 

previous RIAA technology could not be utilized over long periods of time without 

alleviating nutrient accumulation through additional effluent and/or soil treatment 
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measures (e.g. sub-surface soil aeration, or physical or biological filtration of the 

effluent).  Many of these treatment methods have been used extensively to treat 

aquaculture effluent (Balderson & Sieburth, 1976; Ryther, et al., 1975; Sarig, 1989; 

Saylor, 1991; Bergheim et al., 1993; Arbiv & van Rijn, 1995).  However, these solutions 

are often costly and require high level of skill and monitoring to implement.  Especially 

in rural communities of developing regions, such technology is impractical and 

unaffordable.  Therefore new technologies or adaptation of existing technologies are 

warranted to further promote the implementation of economically and environmentally 

advantageous RIAA systems. 

 The RIAA system in the present study was developed with vertically stacked 

levels comprised within a 3-D structure.  This system was designed to increase the long-

term environmental and economic benefits.  From an environmental standpoint, MRIAA 

systems have the potential to alleviate the accumulation of nutrients in the soil profile and 

associated inhibited plant growth.  Specifically, creating vertical stacks levels increases 

the surface area relative to floor space.  The application of aquaculture effluent over a 

greater surface area increases the net extraction of nutrients from the effluent as it 

migrates through the soil, decreases the overall nutrient concentrations in the aquaculture 

tanks, and reduces the potential for accumulation in the re-circulating system. From an 

economic standpoint, a better management of nutrient budget leads to a more sustainable 

method for agriculture production and also enhances the production volume per unit floor 

surface area.  The present study is expected to demonstrate significant environmental as 

well as economic advantages. 
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6.3.      Material and Methods 

 

6.3.1.   Multi-level RIAA System Development 

 

An experiment was setup at the University of Arizona Environmental Research 

Laboratory as part of an ongoing investigation aimed at evaluating Re-circulating 

Integrated Agriculture-Aquaculture (RIAA) system design and performance.  The RIAA 

system developed and tested in the present study contained two stacked levels (Fig. 19).  

Levels 1 and 2 refer to the bottom and top rows respectively. Both levels were comprised 

of two rain gutters, each 30 m long and 20.3 cm deep set up at an incline (3° for the top 

gutters and 2° for the bottom).  All gutters were filled first with 0.32 cm course gravel, 

which was covered with a geo-textile cloth, and then filled with 1:3 part Sunshine grow 

mix to bleached sand (Fig. 20).  This setup served to function similarly to a French drain 

with the aquaculture effluent able to migrate through the soil column, pass through the 

geo-textile cloth and migrate through the gravel matrix along the slope, and finally collect 

in the terminal basin.  From the collection container, the water was pumped back into the 

aquaculture tank.  The geo-textile cloth was placed over the gravel to: 1) passively filter 

out larger soil particles, 2) maintain the soil from washing away and 3) ensure that plant 

roots do not grow down into the gravel substrate and subsequently impede water 

drainage.  The aquaculture tank in this experiment was a 5m
3
 fiberglass Doughboy® 

containing 5000 L of water and Tilapia (Oreochromis niloticus).  
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Figure 18: RIAA system design with two stacked levels.  Each level was built at a different negative slope; 

-3° top and -2° bottom.  Each levels comprised of two 23 m long 20 cm deep rain gutters which were 

suspended from a steel frame by steel gauge wire.  Note the illustration only shows one gutter each level 

for clarity. 

 

Figure 19: Front view illustration of the gutter which was setup as a French drain.   

 

 

Temperatures in the greenhouse remained between 15 and 24° C during the 

course of the experiment.  The pH of the soil remained between 5.0 and 7.0 for the 

duration of the experiment as a result of the buffering capacity of the dolomitic lime that 
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was included in the Sunshine mix.  Lettuce (Lactuca sativa) and basil (Ocimum 

basilicum) plants were grown in both levels  

This experiment was designed to test the effects of three variables on the growth 

of lettuce plants and basil: plant density, soil slope, and shading levels.  These parameters 

were evaluated by planting three replicates for each of the 5 density treatments on each 

level of the system (Table 17; Fig. 21).  The five density treatments were: 2 plants m
-1 

(Treatment 1), 3 plants m
-1

 (Treatment 2), 4 plants m
-1 

(Treatment 3), 5 plants m
-1 

(Treatment 4), and 6 plants per meter m
-1 

(Treatment 5).  The treatment replicates were 

randomized within the top level (Fig. 21). The bottom level was set up the same as the 

top level.  Each replicate was 2 m in length to allow enough plants to be grown for 

statistical power, although at the lowest density, only 4 plants were grown per replicate (2 

plants m
-1 

for 2 m). The total length of planting was 30 m. 

Comparing the means of the 5 treatments within each level indicates the effect of 

plant density on plant growth, comparing the means of the reps across levels indicates the 

effect of slope and plant position (i.e. top or bottom) on plant growth, and comparing the 

means of the same treatments across the two levels indicates the effect of shading on 

plant growth.  Although light levels were not measured over the course of the experiment, 

shading caused by the overhead level was apparent.   
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Table 17:  Summary of experimental design for lettuce plants 

Treatment (n = 5):                Plant Density 

Treatment 1 2 plants per m 

Treatment 2 3 plants per m 

Treatment 3 4 plants per m 

Treatment 4 5 plants per m 

Treatment 5 6 plants per m 

Reps (n = 3)  

Levels (n = 2)  

Total N = 240*   

Total is the addition of all plants in each treatment.  Ex.  Treatment 5 has 6 plants per m
-1

 

x 3 replicates per level x 2 m per replicate x 2 levels = 72 plants.   
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Figure 20:  Overview configuration of experimental design.  Shown is one of layer with 5 Lettuce treatment 

densities (L1 to L5) each done in triplicate replication (R1 to R3).  Randomly highlighted L2R2 indicates 

treatment 2, replicate 2.  Each layer was set up the exact same. 

 

 

Water was evenly distributed to the soil surface of each level using a using a 

surface irrigation drip system.  Water was pumped from the aquaculture tank through 3.2 

cm inner diameter (ID) pvc pipe using an inline centrifugal pump.  In turn, the pvc pipe 

was connected to three 1.3 cm ID surface drip irrigation lines each containing 200 

individual spaghetti tube emitters.  The two drip irrigation lines were setup at the same 

height to ensure that each line maintained the same water head pressure and thus flow 

rates (Fig. 19).  The spaghetti tubes were evenly spaced approximately 15 cm apart along 

the length of the gutters.  All emitters were periodically checked to ensure even water 



145 
 

 
 

flow, although some emitters became clogged and emitted less water as the experiment 

progressed.  Care was taken to ensure even water distribution through the course of the 

experiment, however some of the variation in plant growth may be explained by 

differences in water supply.  Re-circulation was run for a period of one week prior to the 

start of the experiment in order to equilibrate each RIAA system.   

 

6.3.2.   RIAA Treatment Parameters and Sampling Protocols 

 

The experiment took place in two phases from January to April, corresponding to 

the differences in generation time of the two plant species grown: lettuce and basil. Prior 

to the start of the experiment, seeds of both species were planted into seed germination 

trays and watered daily.  Lettuce seedlings emerged within 2 days and when grown to 

approximately 1 cm, were transplanted into the multi-level RIAA system.  By the time 

the plants were transferred, the RIAA system had reached equilibrium—identified by 

having the same total nitrogen in the effluent and influent.  Basil seedlings took longer to 

germinate and were transplanted 4 weeks after the lettuce.   

Immediately following the transfer of the lettuce seedlings, the three 5,000 L 

fiberglass pools were stocked with Tilapia Oreochromis niloticus juveniles (weight 500 ± 

150 g) to reach a biomass density of 9 kg m
-3

.  The first day of transplanting the lettuce is 

considered week 0 for lettuce analysis.  At week 6 of the experiment, a fish die-off 

occurred, probably because water temperatures reaching 15°C.  When viewed under a 

microscope, the tilapia had a large number of Saprolegnia on the skin and gills. This 
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species of fungus grows especially well at lower temperatures and may have contributed 

to fish mortality.  The remaining fish were quickly transferred to new tanks while the 

greenhouse and water temperatures were warmed to suitable temperatures. Thereafter 

surviving fish were added back into the system, and additional fish were added to reach 

the desired total biomass for each tank.  Fish were fed daily with a 34% protein by weight 

dry pellet feed (Silver Cup®) at 2.0% body weight per day 

The height of each lettuce plant (Lactuca sativa) was recorded every week for 8 

weeks as the distance from the soil to highest part of the plant when vertically 

straightened.  Basil plant heights were not measured over time as growth curves were 

obtained in previous experiments.  Final heights for basil were measured 12 weeks after 

transplanting.  Combined with previously generated height to weight correlations and 

growth curves, the final heights in the present study provide sufficient analysis of the 

affects of shading, slope, and plant density on individual plant growth.   

Nitrate, ammonium, total nitrogen, inorganic phosphate, and total phosphate 

concentrations were measured on day 1 (week 0) and every other week afterwards from 

three water samples collected from valves located both before and after the plant beds in 

each of the three treatments.  Nutrient concentrations were measured using Hach Test 

Kits as described in Chapter 5.  Nitrate-nitrogen (N-NO3) was tested using a cadmium 

reduction colorimetric reaction, ammonium-nitrogen (N-NH4) was measured using a 

salicylate colorimetric method, and total nitrogen was tested using a persulfate digestion 

method.   Inorganic nitrogen concentration was calculated by adding nitrite and 

ammonium concentrations.  The concentration of organic nitrogen was calculated as the 
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difference between total nitrogen and inorganic nitrogen concentrations.  Organic 

phosphorous concentration was calculated as the difference between total phosphorous 

concentration and inorganic phosphate.  

 

6.3.3.   Statistical Analysis 

 

General Linear Models (SAS 9.3) and ANOVA were used for assessing statistical 

differences within and among treatments.  A posteriori tests, Duncans Multiple Range 

Tests (MRT; α = 0.05), were used to identify homogenous groupings.  Rates of growth 

were compared using Multiple Regression Analysis (MRA; α = 0.05).  Student’s t-test 

was used for comparisons between two groups.  Correlations were tested using Pearson’s 

correlation coefficients.   
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6.4.      Results 

6.4.1.   Plant Growth 

6.4.1.1. Lettuce 

 

 Lettuce growth was inhibited by shading.  By the end of the experiment on week 

8, plants in each of the five treatments in the top level grew significantly larger than the 

same corresponding treatments in the bottom layer (Fig. 22a, b; Fig. 23).  Plant growth on 

the top level was sigmoidal with exponential growth occurring between weeks two and 

four.  Thereafter, growth rates began to slow.  Average plant heights in treatment 5 (e.g. 

the highest plant density), and treatment 1 (e.g. the lowest plant density), were 12.2 ± 

1.05 cm and 14.2 ± 0.94 cm, respectively (mean ± s.d.). 

 The effect of plant density on the growth of plants was small (Fig. 23).  The 

average plant heights in treatments 1, 2, 3, and 4 decreased slightly with increasing plant 

densities but only at the highest density of plants (treatment 5) was a significant decrease 

in plant height observed (MRT. α = 0.05).  No consistent trend between plant density and 

individual plant height was observed in the bottom level.   

 System slope had no observable affect on plant growth.  No significant difference 

was found in the average plant heights among the replicates within treatments across 

levels (ANOVA; α < 0.05).  
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Figure 21:  Lettuce head height (cm) over time (weeks) for plants in the top level (A) and bottom level (B).  

5 plant densities are shown.  Values are means (n = 5).  Error bars not shown for clarity. 

 

 

 

Figure 22: Average final lettuce heights at week 8 for the five density treatments in both the top level 

(closed diamonds) and on the bottom level (closed squares).  Bars are ± s.d.  Letters indicate groupings of 

significant difference (Duncans Multiple Range Test, MRT; α = 0.05). 
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6.4.1.2. Basil 

 

 Similar affects of shading, plant density, and slope on lettuce growth, were 

observed on basil growth.  Firstly, basil was inhibited by shading whereby plants in each 

of the five treatments in the top level grew significantly larger than the same 

corresponding treatments in the bottom layer with the exception of Treatment 3 (4 plant 

m
-1

; Fig. 24).  As found in previous studies (see chapter 5), plant weight increased 

exponentially with height (Fig. 25). Plant density-dependence on individual size was 

negligible in both the top and bottom levels (Fig. 24) and system slope had no affect on 

plant growth indicated by no significant difference in the average plant heights among the 

replicates within treatments across levels.  No significant difference was found in the 

average plant heights among the replicates within treatments across levels (ANOVA; α < 

0.05).  
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Figure 23: Average final basil weights (g, ww) at week 8 for the five density treatments in both the top level 

(closed diamonds) and on the bottom level (closed squares).  Bars are ± s.d.  Letters indicate groupings of 

significant difference (Duncans Multiple Range Test, MRT; α = 0.05) 

 

 

 

Figure 24: Relationship between basil Height (cm) and Weight (g, ww).  As height increase, weight 

increases exponentially.  Closed diamonds are plants in bottom level, open squares are plants in top 

level.6.4.2.    
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6.4.2.   Water Quality 

 Nitrogen concentrations and phosphorous concentrations in the effluent were 

constant within the levels over time (MRT, α = 0.05; Figs. 25a, b).  Also, concentrations 

between the two levels were comparable.  Total nitrogen (TN) in the top and bottom 

levels averaged 5.35 ± 0.66 and 4.8 ± 1.33 over time respectively and total phosphorous 

(TP) averaged 0.82 ± 0.33 and 0.85 ± 0.25 respectively.  For all samples, greater than 

70% of nutrients were removed from the effluent as it migrated through the soil profile, 

although no correlation was found between plant size and nutrient extraction levels. 

Neither the amount of nitrogen nor the amount of phosphorous in the effluent 

significantly changed within the levels over time (after week 3), nor did concentrations 

vary between the two levels (MRT, α = 0.05; Figs. 25a, b).  

 

 

Figure 25: (A) Total Nitrogen (TN) and (B) Total Phosphorous (TP) concentration (mg L
-1

) over time 

(weeks).   The blue portion of the column reflects the proportion of nutrients that were removed from the 

water as it migrated through the potted soil. 
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6.5.      Discussion 

 

6.5.1.   Plant Production 

 

This study demonstrated that plant production rates with MRIAA technology can 

equal those obtained in field based agriculture systems, even in the absence of additional 

synthetic fertilizers. Similar to the results in the present experiment, lettuce can reach 

harvestable sizes within 8 weeks from planting (Shimizu et al., 2004).  Basil was 

harvested at week 12, though growth rates up to this point were comparable to those 

achieved in commercial farms (Anon., 1980; Darrah, 1984; Simon et al.,1990).  

However, plant growth is largely dependent upon optimal system design.  Only two 

levels were utilized in the present study.   Compared to plant yields on the top level, basil 

grew on average 61% smaller on the bottom level whereas lettuce grew 21% smaller. 

Similar effects of shading on the growth of lettuce and basil were observed by Sanchez 

(1989) and Xianmin et al, (2008).  Additional research is needed to determine if 

increasing the number of stack levels beyond 2 further decreases plant yields per level as 

a result of incrementally increasing the shading effect.  If this is the case and the current 

production yields in this experiment continue to diminish at the same rate, basil may 

potentially be grown on a third level and still generate relatively high yields and lettuce 

may potentially be grown on up to 4 levels while still generating relatively high yields.  

Such limitations may be overcome through the application of specialized lights for 

agriculture such as standard fluorescent horticulture tubes.  Yet, such additions add to the 
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operational costs, and thus lower profit margins.  Again, the decision to utilize these 

lights should be based on the benefit to cost analysis. 

Plant densities tested in the present experiment also had negligible impact on the 

individual plant growth.  The highest density of plants used was 6 plants m
-1 

or 

approximately 17 cm (6.5 in) apart spacing. This suggests that plants may be grown at 

even higher densities while still achieving high biomass yields per plant, though 

additional future research is needed to determine the optimal spacing in which to generate 

the highest net biomass yields per unit area. Planting with 6 plants m
-1 

equates to 

approximately 24 plants m
-2 

assuming that 4 individual channels are used (Fig. 25).  

 

 

Figure 26:  Illustration of potential basil production distribution in 1 m
2.  Extrapolation of results used to 

determine production potential in large-scale. 
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If plants are grown for 15 weeks and had an average size of 46.8 g fresh wt 

(achieved in previous experiments; avg. height of 38 cm [chapter 5] and using regression 

function in Fig. 15), average biomass yields would be 1.12 kg per m
-2

 yield ().  Utilizing 

the MRIAA structure and assuming a reduction of 60% per level with 3 levels, total basil 

biomass is approximately 8.8 kg m
-2 

yr
-1 

(top level, 4.5 kg m
-2

; middle level, 2.7 kg m
-2

; 

bottom level, 1.6 kg m
-2

).  A three tiered MRIAA structure may thus double the biomass 

yields per m
2 

floor space.  Lettuce shoot biomass was not assessed in this study, though 

plants typically grow higher and more quickly than basil.  Thus a reasonable assumption 

can be made that net biomass yields in an MRIAA structure would be considerably 

higher than that of basil.  

 

6.5.2.   Water quality management 

 

As a re-circulating system, the management of the nutrient regime is especially 

critical. If the rate of nutrient assimilation and extraction is not greater than or equal to 

the rate of nutrient input, then nutrient concentrations will increase over time (Neori., 

2004; Colt, 2006; Crab et al., 2007).  This was observed in our previous experiments (see 

Chapter 5) in which the rate of nutrient input exceeded the assimilative capacity of the 

system, and nutrient concentrations began to increase.  

The MRIAA system was developed in the present investigation to mitigate the 

accumulation of nutrients in the soil by building stacked levels to increase the surface 

area relative to floor space.  Applying aquaculture effluent over a greater surface area 
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was expected to increase the net extraction of nutrient load from the effluent as it 

migrates through the soil, decrease the overall nutrient concentrations in the aquaculture 

tanks, and reduce the potential for accumulation in the re-circulating system.   

Similar to the first RIAA experiment performed (see Chapter 4), nutrient 

concentrations remained constant over time.  In contrast to earlier studies, however, 

nutrient levels (i.e. TN and TP) were reduced approximately 4.1 fold relative to that seen 

previously with the same densities of fish (see Chapters 4 and 5). These lower nutrient 

concentrations are not explained by a higher assimilation rate into plant biomass yields.  

The aquaculture effluent in the present experiment was applied to a total 120 plants on 

each level whereas effluent in previous studies was applied to 150 plants.  In addition, 

final individual basil plant sizes at week 12 were comparable to the average individual 

plant sizes at week 12 in previous studies (see Chapter 5).  Hence, biomass yields were 

similar in the two studies. 

Two significant changes in the system design likely led to the large decrease in 

nutrient levels.  Firstly, the total surface area and volume of soil used was higher in the 

present experiment than in previous experiments.  The total volume of soil in the present 

experiment was approximately 5.2 times higher than in a previous study with basil (2.32 • 

10
6 

cm
3 
vs 0.45 • 10

6 
cm

3
, based on gutter and pot dimenions).  The net volume of 

irrigation water was approximately 1.3 times higher in the present study than in previous 

studies.  A total of spaghetti 400 tubes were used in the present study (200 on each level) 

whereas 300 tubes were used in the previous study.  Flow rates out of individual spagetti 

tubes are assumed to be equal and consistent across experiments. Nutrient loss rates as a 
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function of incoming nutrient levels were comparable between the two experiments at 

approximately 80% nutrient removal at any given time.  In summary, 1.3 times as much 

effluent was being delivered to 5.2 times as much soil in the present experiment 

compared to previous studies.  Hence, the present experiment would be expected to 

remove 3.9 times more of the nutrient load from the aquaculture effluent.   

The second major difference in the present study, was the inclusion of the gravel 

filter underneath the geotextile cloth.  Not only did the gravel matrix likely serve as a 

physical filter, capturing some of the larger suspended solids in the effluent, but also 

greatly increases surface area.  On the gravel surfaces, bacterial populations could mature 

and further break down some of the organic materials and assimilate inorganic nutrients 

into biomass.  Such bacterial populations may account for additional nutrient removal 

from the aquaculture effluent.  

 

6.6.     Conclusion 

 

RIAA technology provides several economic and environmental benefits through the 

conversion of nutrient waste in the aquaculture effluent to profitable plant biomass.  

However, balancing the nutrient regime is difficult and nutrient accumulation is likely 

when nutrient assimilation and extraction rates are less than input rates.  MRIAA 

technology developed in the present study alleviated some of these issues.  The current 

system decreased the aquaculture effluent application per unit soil volume, and also 

capitalized on available floor space by producing plants in a 3-D structure.  This leads to 
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an increase in the amount of plants that can be grown per unit area floor space.  However, 

several limitations remain which must be further explored to maximize the benefits of 

multiple stack RIAA technology.  Firstly, from an engineering standpoint, the system was 

difficult to access easily.  In a commercial application this would add labor costs and 

maintenance.  In addition, the shading effect on plants, resulting from overhead levels, 

greatly reduced biomass yields.  Additional growth lights could be used or different 

system designs could be explored for commercial implementation.   
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CONCLUSION 

 

This dissertation is divided into a series of chapters which together address my 

personal thoughts on how aquaculture will likely develop over the 21
st
 century.  

Especially as populations increase in the face of declining wild fish captures, aquaculture 

will increase and play a vital role in satisfying global demand for seafood products.   

However, the distribution and methods of aquaculture development will largely depend 

on the ability to bridge the gap between developed countries (e.g. United States, Norway, 

and Japan) and developing (e.g. Chile, Mexico, China, and Korea) and least developed 

countries (Uganda, Ethiopia, Uruguay, Mauritania, Ghana etc).   

Aquaculture in the United States and other developed countries is dominated by 

large-scale industrialized operations.  These large firms produce large volumes of product 

(e.g. catfish or shellfish), and require significant amounts of natural resources.  In 

contrast, aquaculture in the least developed and developing countries is dominated by 

small-scale extensive and subsistence level farming.  Despite being small on average, and 

producing low volumes of aquaculture products, these small farms collectively dominate 

global production.  Also, out of necessity, many of these farms utilize resources 

efficiently and are considered highly sustainable.  Bridging the gap between aquaculture 

technology will not only require that the United States adopt more resource conservative 

practices towards the creation of a sustainable industry, but also that developed countries 

intensify sustainable operations towards enhanced production levels. Meeting the needs 



162 
 

 
 

of these divergent industries is inherently challenging on several levels.  Several chapters 

in this dissertation are devoted to methods and strategies for bridging this gap.   

Briefly, these chapters look at in order: (1) new business models which may better 

integrate multi-national alliances, (2) where to strategically develop aquaculture 

operations in rural communities based on the maximum predicted level of economic 

impact and growth, and (3) the development and implementation of resource conservative 

technology that integrates aquaculture with the production of several plant species.  A 

summary of these three segments of the dissertation is provided below.  Together, these 

chapters describe new technology which is resource conservative and which may provide 

a mechanism to intensify aquaculture development in rural communities both 

domestically and internationally and also new potential business models which may 

better integrate developed and developing countries world-wide.  While this dissertation 

does not describe an exhaustive list of all the challenges faced through the multi-national 

integration of the aquaculture industry, it does begin to describe new opportunities 

through a holistic viewpoint.  This type of approach will be necessary for government 

programs and large-scale project coordinators who seek to implement high impact, global 

strategic plans that will bridge the gap between aquaculture practices in the United States 

and other countries throughout the world.   
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7.1.      Multi-national business models to integrate developed and developing regions. 

 

The first chapter (Chapter 2) identifies and addresses potential new business 

models that may better integrate a multi-national aquaculture business.  Specifically, this 

chapter identifies how the use of the information technology can be utilized to link 

together multiple farms across several countries to better coordinate international food 

production with global demand.  The chapter is divided into two sections; the production 

of food and the distribution of food through supply chain management. 

The first section describes how to maximize collective food production from 

several farms through a detailed understanding of each country’s and surrounding 

regions’ economic, political, and biophysical environment.  Continually updated 

information in these three areas can be utilized to grow food in regions with; (1) the 

lowest production costs and highest market values to generate maximum profits, (2) 

favorable political measures in place that allow food to be exported internationally and 

which also provide agriculture subsidies and (3) projected suitable weather conditions 

which likely will result in high food production yields.   

The second section describes how to coordinate supply with demand on an 

international scale.  Specifically, importing and exporting food across national boundaries 

requires proper certification.  Obtaining proper certification for perishable food items 

such as meat products is difficult and time consuming, especially for small 

agribusinesses, and has impeded their success of exporting food to international markets.   
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 These two sections currently represent significant challenges for small-scale 

farms.   A case study is therefore provided on how information technology (IT) can be 

utilized to integrate small-scale farms within an multinational aquaculture alliance.  A 

coordinated IT approach is used to collect, assimilate, and disseminate information across 

the world that would help these farms coordinate the production and distribution of food.  

With regard to food distribution, the IT center would also help create all proper 

certification for export and import and also track the shipment to ensure proper and 

timely delivery.  This is especially critical for perishable products.  Although challenging, 

such uses of IT may connect small scale farms and help facilitate growth—especially in 

developing countries. 

 

7.2.     Aquaculture growth enhancing economic development in rural communities 

 

 Chapter 3 of this dissertation identifies the conditions by which aquaculture 

development would have the most significant economic impacts in rural communities. 

The ability to predict which regions would be most positively impacted by aquaculture 

could be strategically targeted for enhancing the aquaculture development.  Moreover, 

rapid growth in the industry would allow businesses in rural communities to reinvest 

profits into further growth, thus self promoting their expansion.  

To predict the impact of aquaculture on the economy of rural regions, economic 

multipliers were determined from balanced budgets of expenditures and receipts collected 

from existing aquaculture businesses in several geographic locations including Arizona 
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and Uganda.  Multiplier predictions were calculated using Keynesian and Tiebouts 

economics and evaluated within the context of regional trade distribution and local 

economies.  Several assumptions of the models were validated in which regional 

multipliers increase based on: 1) inflow of capital due to increased purchasing of locally 

available supplies, 2) the purchasing of regionally available goods with revenues 

generated from non-local sales, and 3) a high propensity for local consumption.  

Understanding and utilizing these concepts is a strategic advantage in expanding 

aquaculture to promote economic development in rural communities.  

 

7.3.     Development and testing of sustainable food production technology 

 

Chapters 4 to 6 represent the majority of the work of the dissertation.  These 

chapters discuss the development, testing, and potential for implementation of technology 

designed for enhancing the developing of the aquaculture industry.  The driving concept 

for creating this technology was to develop an intensive and sustainable system that 

would allow communities in any region (domestic or foreign) to produce enough food 

and profits to be economically competitive in global markets.  Using the concepts from 

previous chapters, a large-scale sustainable agribusiness, strategically developed in a 

particular community would offer rapid economic growth through the exportation of 

goods to foreign markets.  Moreover, IT would greatly enhance this model through the 

coordination of a multi-national business alliance. 
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The technology developed and tested in these chapters is a form of Re-circulating 

integrated agriculture-aquaculture.  RIAA systems are an effective method for converting 

fish waste to profitable plant products.  Not only does this provide an economic gain 

through the production of multiple products, but also cost savings through low cost 

treatment of aquaculture effluent.  Tilapia were grown in all aquaculture components of 

the experiments.   This species was chosen in particular as it accepts feeds with higher 

percentage of plant proteins, is resistant to poor water quality and diseases, is easy to 

breed and cultivate, is hardy, and readily adapts to a wide range of culture systems. 

Because of these reasons, tilapia are now commercially produced in more than 100 

countries and global production levels are expected to increase from 1.5 million mt in 

2002 to 3.0 million mt in 2010, with a sales value approaching US $5 billion.  In Chapter 

4, tilapia effluent was used to grow barley (Hordeum vulgarein), in chapter 5, aquaculture 

effluent was used to grow basil (Ocimum basilicum) and in chapter 6, the effluent was 

again used to grow basil as well as lettuce (Lactuca sativa). 

In every experiment, the RIAA technology was developed in which aquaculture 

effluent was used to irrigate plants maintained in soil, with the first two experiments 

performed with plants contained in individual pots.  After the aquaculture effluent is 

administered to the plants, it migrates through the soil, and is channeled into a container 

at the terminal end.  From there it is pumped back into the aquaculture tanks.  These 

experiments were originally performed with the belief that as a result of the symbiotic 

relationship between the fish and plants, a reduction in nutrient concentrations would be 

observed in correlation with the increase in plant biomass.  However, no such correlation 
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was found in any experiment.  Although nutrients were assimilated into plant biomass, a 

large majority of the nutrients were captured by the soil matrix as the effluent migrated 

through the soil column. 

Nearly all of the original hypothesized advantages were observed in each RIAA 

experiment.  All plants, for example, grew well when being supplied aquaculture effluent.  

In fact, at the highest fish densities, and when irrigating using effluents with highest 

nutrient regimes, plants in each experiment grew at rates that were comparable to those 

achieved in commercial field based agriculture operations.  Some of the fish, however, 

grew at sub-standard commercial rates.  While the fingerlings grew at reasonable rates of 

ca. 2 g d
-1 

in the first experiment,
 
the juvenile growth rates were also 2 g d

-1 
and thus far 

below the approximate 1.1 (and even lower) food conversion ratios (FCR) achieved in 

commercial operations.  Further research is necessary to address this short fall in order to 

enhance fish growth rates in RIAA systems.  Another hypothesized advantage 

demonstrated in RIAA systems was that the nutrient load in the aquaculture effluent was 

greatly reduced.  As the water migrated through the soil profile, an average of 80% and 

up to 90% of the nutrient load was removed.  The capture and removal of nutrient load 

from the aquaculture effluent represents a low-cost treatment method.   

A disadvantage of the RIAA technology however, is the preponderance for the 

accumulation of nutrients and flocculated material in the soil profile over time.  

Ultimately this may negative impact soil quality.  The RIAA technology in the first two 

experiments could not be likely be utilized over long periods of time without alleviating 

nutrient accumulation through additional effluent and/or soil treatment measures (e.g. 



168 
 

 
 

sub-surface soil aeration, physical filtration of the effluent using protein fractioning, or 

biological filtration using microbial digestion methods, etc…).  These measures are 

costly and require high level of skill and monitoring to implement.   

As a cheaper method of reducing the propensity for nutrient accumulation in soil 

profiles, a multiple level RIAA system (MRIAA) was developed in the final experiment. 

The primary motivation for developing multiple stacks of planting rows is ultimately cost 

savings.  Especially in regions with high land costs, generating agriculture products 

vertically in 3-D structures has the potential to greatly enhance revenues per unit area.  In 

addition, the application of aquaculture effluent over a greater surface area; increases the 

net extraction of nutrient load from the effluent as it migrates through the soil profile, 

decreases the overall nutrient concentrations in the aquaculture tanks, and reduces the 

potential for accumulation in the re-circulating system. From an economic standpoint, a 

better management of nutrient budget leads to a more sustainable method for agriculture 

production and also enhances the production volume per unit floor surface area.  As 

hypothesized, nutrient load in the aquaculture effluent was reduced by nearly 4 times to 

that observed in previous experiments.  In addition plants in the top-most level again 

grew at rates comparable to those achieved in commercial farms.  Several disadvantages 

were observed. 

MRIAA systems are difficult and time-consuming to establish.  Whereas each 

single level system in the first two experiments took approximately 20 hours to set-up (60 

hrs total for 3 systems), the multi-stack system in the final experiment took 

approximately 150 hours.  Moreover, whereas only one individual was needed at 0.5 full 
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time equivalent (FTE) for data collection, fish feeding, and system maintenance in the 

first experiment, 1.5 FTE individuals were needed in the final experiment to collect data 

from difficult access regions and to perform heavy lifting.  However, a reasonable 

assumption can be made that the two same individuals would be capable of maintaining 

several multiple stacked structures during the same time period.   

Another disadvantage of the multiple stacked system is re-setup.  In the first two 

experiments, the individual pots were easily removed and refilled with new soil to start a 

new experiment.  Though for the multiple stacked system, the individual gutters had to be 

removed from the system and disassembled to begin the next experiment.  This procedure 

was difficult and labor intensive. Ultimately, however, the benefits outweighed the costs 

and the development and utilization of RIAA technology has promising potential for 

future applications.  

 

7.4.     Implementation of sustainable food production technology 

 

Materials needed to build the RIAA and MRIAA systems in this research project 

are relatively inexpensive, easy to obtain, and relatively easy to maintain.  Also, as an 

alternative to growing fish in pools, fish may be reared in a relatively shallow hand dug 

pits fitted with a liner.  This form of simplified technology has been used effectively 

around the world.  Similarly, plants may be grown in hand dug pits.   Though an 

integrated aquaculture system could potentially be established with locally available 

resources, a small start up cost is expected.  Such funding could be provided through 
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international development agencies such as USAID or through micro-loans.  However, 

return on investments are rapid following initial development as both fish and plants 

grow rapidly. Tilapia fry can grow to market size (approximately 0.75 kg) in as little as 8 

months and plants such as basil grew to market size in less than three months.  Hence, 

communities may begin to quickly realize the benefits following initial development.  

A simplified theoretical business model was evaluated using a potential 100 ft x 

30 ft quonset greenhouse (Fig. 28).  Total costs for the greenhouse structure are shown in 

Table 17, the costs for materials for growing systems are shown in Table 18, and yearly 

recurring costs are shown in Table 19.  Total revenues were based on estimations of basil 

produce of 8.8 kg m
-3

 in Chapter 6.  Cash flow projections were made using a 2009 

market price for basil of $0.65 per ounce and $2.5 per lb for whole tilapia (Table 20). 

However, as costs were never recouped in this model this is not considered to be a viable 

business option.  When the number of greenhouses and thus crop production was 

increased to 4, the payback period was within 7 years and the overall return on 

investment was 9% (Table 21).  This demonstrates that even in competitive agriculture 

markets within in the United States, multi-stack RIAA technology has the potential to be 

utilized in a profitable business model.  
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Figure 27: Design layout of proposed quonset-style greenhouse.  Consists of 4 multiple stacked structures each with 
3 levels, spaced 1 m apart.  Aquaculture tank is 30 m

2 
(15 x 2 m).   Total basil growing area is 312 m 
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Table 17: Approximate cost of constructing a 30-foot by 100-foot double-layered polyethylene, quonset-
styled greenhouse (3,000 sq.ft

.
) in 2009 

  Cost ($) 

Frame 

 2,320 Frame bows (steel tubes) with 5-foot spacing� 

Glazing   

Two layers of 6-mil polyethylene (3-year life) 694 

Inflation equipment 88 
Attachment apparatus 485 

End walls   

Polycarbonate sheet and frame (10-year life) 2243 

One welded aluminum front door (4 ft by 8 ft) 256 

One welded aluminum back door (3 ft by 7 ft) 236 
Assembly and installation @ $1.35/sq. ft. 4836 

Heating system   

Gas unit heater (225,000 Btu) 896 

Assorted heat equipment 175 

Control panel (1-stage heating/3-stage cooling) 552 

Floor   

Grading--minimal slope 404 

Perimeter base--treated 2-inch by 6-inch lumber 162 

Plastic for ground cover (3oz/sq. ft.) 242 

Gravel, 1/8-inch, 13 tons, delivery extra 195 

Power and utility sources   

Well (15 gal/min) 3368 

Basic irrigation hookups 269 

Electrical service 606 

Liquid propane gas tank, 500 gal, hookup 269 

Benches (labor excluded)   

Coated wire--14 gauge, 1-inch grid 1468 

Treated lumber frame, 2-inch by 4-inch 775 

Cinder block legs 249 

Cooling and ventilation system   

Two-speed, 5 hp, 42-inch fan 902 

One-speed, 5 hp, 42-inch fan 896 
Four horizontal air flow fans 505 
Assorted fan and vent equipment 195 
Power vent (5 ft by 15 ft) 1259 
Cooling pad (5 ft by 15 ft) 1751 

TOTAL: 23977 
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Table 18: Total costs for equipment for proposed design in Fig. above.  Costs are fixed costs and only 
incurred every 10 years 

Equipment costs  $ 

30 m 3 tank   

cement frame 400 

plastic liner 200 

plant trough   

gutters 5250 

steel gauge wire 150 

steel support frame 300 

polyethylene liners 500 

Geo-textile cloth 150 

1/8th" gravel delivered 300 

soil 1:3 sunshine/sand 540 

irrigation system   

1/3 hp pump 500 

pvc pipe 100 

irrigation hose 200 

spaghetti tubes/emitters 200 
collection base 150 

  

Total 8,940 

 

 

 

 

Table 19: Total costs for labor and utilities in Fig. above.  Costs are variable costs incurred each year 

Plant animal start up   

Fry fingerlings 125 

seeds, seedling trays etc. 15 

Utilities  

water 375 

electricity 1200 
Land rent 3000 

  

Labor  

1.5 FTE @ 30k 45,000 

Total 49,820 
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Table 20:  Cash flow projections based on costs of greenhouse construction and necessary materials (Tables 18 and 19) and estimations of 
production yields (Figure 28).  Note that cash flows are consistently negative and costs are never recouped.  This is not a viable business model. 

1. Costs incurred on year 0 are fixed costs from building development and equipment needed.  These are assumed to have a life of 10 years and 

therefore do not need to be replaced with adequate care and maintenance. 

2. Total costs calculated as the difference between outstanding debt with cost of debt at 6%, costs incurred during year, and revenues gained 

during year. 

3. Costs increased with 2% inflation.  Revenues also increased at 2% to reflect need raise sale price of basil. 

4. Basil sale price is set at $0.65 per oz.  Tilapia is based on sale price of $2.25 whole fish.   
 
 

 

Table 21:  Re-projections of cash flow estimates in Table 20 with 4 greenhouses and 4 FTE workers.  Net profits by year 7 and ROI is 9%. 

1. Variable costs were increased by 4 times and FTE increased to 2.   

2. Revenues increased by 4 times. 

3. ROI is 9% and payback period is within 7
th

 year  

 yr 0  yr 1 yr 2 yr 3 yr 4 yr 5 yr 6 yr 7 yr 8 yr 9 yr 10 

costs (32,700.00) (49,820.00) (50,816.40) (51,832.73) (52,869.38) (53,926.77) (55,005.31) (56,105.41) (57,227.52) (58,372.07) (59,539.51) 

revenues 0.00  23,374.86  23,842.36  24,319.20  24,805.59  25,301.70  25,807.73  26,323.89  26,850.37  27,387.37  27,935.12  

total (32,700.00) (61,107.14) (91,747.61) (119,261.13) (147,324.93) (175,950.00) (205,147.57) (234,929.09) (265,306.25) (296,290.94) (327,895.33) 

 yr 0  yr 1 yr 2 yr 3 yr 4 yr 5 yr 6 yr 7 yr 8 yr 9 yr 10 

costs (130,800.00) (79,280.00) (80,865.60) (82,482.91) (84,132.57) (85,815.22) (87,531.53) (89,282.16) (91,067.80) (92,889.16) (94,746.94) 

revenues 0.00  100,004.40  102,004.49  104,044.58  106,125.47  108,247.98  110,412.94  112,621.20  114,873.62  117,171.09  119,514.52  

total (130,800.00) (117,923.60) (103,860.13) (82,298.46) (60,305.56) (37,872.81) (14,991.39) 8,347.65  32,153.47  56,435.41  81,202.98  
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In addition to providing a rapid return on investment, the case flow estimates 

demonstrated that generated revenues were sufficient for purchasing all necessary 

operation supplies (e.g. Tilapia feed).  Hence, revenues generated from excess food 

production will be used to pay the long-term costs of operating the system.  In doing so, 

the system will be self-sustainable.  In rural communities this will also eliminate the need 

for a community to rely on external assistance, which may not always be immediately 

available.   

 

7.5.     Government collaboration and progress 

 

Aquaculture over the past century has rapidly advanced because of the knowledge 

and many products generated from significant investments in research and development 

(R&D).  This is particularly true in the industrialized countries including the United 

States.  Areas of interest with the greatest advancements include breeding selection and 

bioengineering, biotechnology, marketing, processing, and transportation.  Animals are 

increasingly growing larger and faster, production yields are becoming more consistent 

and systematic, and products can be delivered to increasing base markets throughout the 

year.  As described in this dissertation, R&D will likely play an equally important role in 

shaping the aquaculture industry in the foreseeable future.  Capabilities in 

nanotechnology, genomics, and bioinformatics are already rapidly evolving and 

facilitating progression in all levels of the aquaculture production chain.   
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Coinciding with the contributions from R&D in the 21
st
 century, aquaculture will 

equally be transformed in response to pressures from diminishing fresh water resources 

and climate change. These two issues in particular may have severe and irreversible 

impacts on the aquaculture industry if adequate measures are not addressed in the near 

term.  With regard to climate change and natural resources, increased understanding, 

prediction capabilities, as well as the creation of policy using the best available science, 

are necessary for achieving the sustained growth of the aquaculture industry over the long 

term.  While the role of governance in shaping aquaculture development over the 21
st
 

century is beyond the scope of this dissertation, this will be a critical area for sustaining 

the growth of the industry over the long-term.  More specifically, new inter-agency 

collaborative efforts are needed to better understand the complex issues pertaining to 

aquaculture development.   

One collaborative approach which needs further development is between the 

United States Department of Agriculture (USDA) and the National Oceanic and 

Atmospheric Administration (NOAA).  NOAA efforts to better understand climate 

change have already been underway for more than three decades.  These initiatives have 

largely increased the understanding of the causes of climate change and have greatly 

improved future prediction capabilities.  However, significant gaps exist between the 

ability to predict the likely changes in the earth’s climate and the resulting impacts on 

economic industries including aquaculture.  On the other end of the spectrum, the USDA 

has had much experience in shaping the development of aquaculture and agriculture 

industries in general.  The opportunities seem only logical for the USDA to utilize 
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climate prediction models to effectively coordinate agriculture development.  However, 

little progress has made in this regard to date.  In order to realize the full potential of 

multi-national growth over the 21
st
 century the government must establish and utilize 

collaborative efforts designed to support the implementation of new sustainable 

technologies that will help produce sufficient food supplies to satisfy global demands.   

With the support of the government, private industries and public institutions, 

new international models may be developed as proposed in this dissertation which will 

bridge the gap between developed and developing nations and help to continue the 

growth of the aquaculture industry over the 21
st
 century. 
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