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ABSTRACT 

Aquaculture has great potential to help supply the nutritional needs of a growing 

population. To date, however, the benefits that aquaculture can have, have largely been 

overshadowed by the environmental degradation some segments of the industry have 

caused. The following body of work describes my efTorts to help reduce the 

environmental impacts of aquaculture. 

By integrating aquaculture production into traditional agriculture, the impact of 

farming on already limited water resources and the reliance on chemical fertilizers can be 

reduced. Recent expansion of the aquaculture industry in Arizona has made it possible to 

study the integration of olive groves with marine shrimp culture. In chapter 3, I describe 

the characterization and evaluation of the effluent from an inland, low-salinity shrimp 

farm as a potential source of irrigation water. I found that 0.41 kg of ammonia-nitrogen, 

0.698 kg of nitrite-nitrogen, 8.7 kg of nitrate-nitrogen and 0.93 kg of total phosphorus 

(TP) were made available as fertilizer each day in the effluent water. Based on the results 

of this first study, I decided to conduct a farm trial to quantify the effects of these shrimp 

farm effluents on olive trees. This work is described in chapter 4. Trees in all treatment 

groups grew an average of 40.1 cm over the four month study period. While growth of 

trees irrigated with shrimp farm effluent did not improve in respect to the other 

treatments, our results do indicate that irrigating with low-salinity water had no 

noticeable negative effects. 
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Chapter S describes work conducted in Idaho, as part of a larger study aimed at 

reducing the effluent loads of phosphorus (P) from high density, flow-through 

aquaculture facilities. Research steps were taken to establish a relationship between TP 

and the carbon 12/13 isotope ratio (5"C) and/or the nitrogen 14/1S isotope ratio (S'^N). 

Our findings suggest that both 5'^ and S'^C are good better proxies for P, after 

correcting for P retention. A linear regression of %P (corrected) on 5''C and 5"N 

resulted in R^ values of 0.843 and 0.8622, respectively. This suggests that by tracking 

5'^ and/or 6"C through a high-density, flow-through aquaculture facility over time I 

will be able to determine the residence time of P with a high degree of accuracy. 
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CHAPTER 1 

INTRODUCTION 

Growth of the Aquaculture Industry 

Aquaculture is the fastest growing segment of agriculture (FAO 1997). Despite 

the tremendous growth of this segment of agriculture, many people still do not know 

what aquaculture actually is. In a recent publication from the Food and Agriculture 

Organization (FAO), aquaculture is defined as "the farming of aquatic organisms, 

including fish, mollusks, crustaceans and aquatic plants." Where "farming implies some 

form of intervention in the rearing process to enhance production as well as ownership of 

the stock being cultivated" (FAO 2000a). 

Between I9S0 and 1969, world aquaculture production grew at an annual rate of 

5% per year, with growth increasing to 8% per year during the I970's and I980's. 

Aquaculture production has grown by 10% per year since 1990 (FAO 2000b). During 

this same time, other sources of high quality protein, namely traditional livestock and 

capture fisheries, have not kept pace. Terrestrial livestock production has grown at an 

annual rate of 3% per year since 1984 and capture fisheries have grown at only 2% per 

year during the I970's and 1980's, dropping to 0% annual growth during the 1990's (FAO 

2000b). 

Total fishery production in 1998 was 117 million metric tons (FAO 2000b); 86 

million tons were supplied by the capture fisheries and the remaining 31 million tons 
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were supplied by aquacuiture (Fig. l-l). To date, the highest capture fisheries production 

was in 1999, when 93 million metric tons were taken. 



Figure I-1. Total world-wide fisheries production from 1984 to 1998 (FAO 2000b), 
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It has been estimated that the maximum sustainable yield of capture fisheries is 100 

million metric tons annually. Currently, one billion people depend on fish as their 

primary source of animal protein (FAO 2000b). Fortunately, thus far, total fishery 

supplies have grown at a faster rate than the human population (3 .6% and 1.8% per year 

since 1961, respectively) with fish providing between 13.8% and 16.5% of the animal 

protein in human diets on a world-wide basis (FAO 2000b). 

As the capture fisheries reach and exceed their maximum sustainable yields and 

human population continues to grow, aquaculture is poised to meet the increasing 

demand for seafood. In the United States, for example, seafood consumption has 

increased dramatically since 1970 (NFI 2001), reaching a high of 7.3 kg per person in the 

late 1980's (Fig. 1-2). Five of the top ten seafood species consumed in the United States 

(Table I-I) are commonly farm raised and the commercial scale culture of two more of 

the top ten are under development (NFI 2001). A variety of factors have contributed to 

the sharp increases in aquaculture production in the United States and around the world 

noted over the last few decades. Three of the biggest boosts to the aquaculture industry 

have been the production potential that aquatic animals display, an awareness of the 

health benefits of eating seafood regularly and financial incentives produced by a strong 

consumer market. 



Figure 1-2. Per capita consumption of seafood in the United States from 1970 to 2000 (NFI 2001), 
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Table l-l. Top ten seafood species consumed in the United States in 2000 (NFI2001). 

Species kg/person 

Tuna** 1.63 

Shrimp* 1.45 

Alaskan Pollock 0.76 

Salmon* 0.72 

Catfish* 0.51 

Cod 0.35 

Clams* 0.22 

Crabs** 0.21 

Flounder/Sole** 0.20 

Scallops* 0.13 

Total 6.19 

* Denotes a species that is commonly cultured 
** Commercial culture techniques under development 

In general, aquatic animals are more efHcient at converting protein to body 

biomass than terrestrial animals, with an average feed conversion ratio (FCR) of 1.2:1. 

The FCR. for broiler chickens and beef cattle is 2.1:1 and 7.7:1, respectively (Lovell 

1989). EfRcient conversion of feed to body biomass is due, in part, to the fact that fish 

and shellfish are poikilothermic, meaning that they depend on their environment to 

maintain their body temperature, not metabolism. Additionally, the medium in which 

aquatic organisms live enables them to expend less energy supporting their own bodies. 
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The health benefits of eating seafood regularly are well known. When compared 

with other animal protein sources, it is easy to see why, as fish and shrimp have an 

excellent nutritional profile (Fig. 1-3), providing fewer calories and less fat than either 

beef or pork, while providing a similar amount of protein. Overall, both catfish and 

shrimp provide a similar nutritional profile to chicken (USDA-ARS 2001). In addition to 

fish and shellfish being generally low in fat, they are also an excellent source of omega-3 

fatty acids (NFl 2001). 

Domestic aquaculture production has increased by 207,000 metric tons since 

1992, with a 1998 farm gate value of over $978 million, an increase of $717 million since 

1992. Currently, the domestic aquaculture industry employs 181,000 flilltime workers 

and is valued at $5.6 billion (USDA-NASS 2000). While world aquaculture production 

has steadily increased over the last few years (Fig. l-l), consumption of seafood in the 

United States far exceeds domestic production, resulting in a trade deficit of $3.9 billion. 

A major portion of this deficit is due to luxury items such as shrimp. Farmed shrimp 

accounted for only 5.1% of the world's total aquaculture production by weight in 1998 

(Fig. 1-4) but 19.6% of the total value (FAO 2000b). 
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Figure i-4. 1998 world aquaculture production and value (FAO 2000b). 
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Environmental Concerns Facing the Aquaculture Industry 

While aquaculture is not a new enterprise, the intensiflcation of the industry over 

the last 20 - 30 years is (Awai 1996; Dierberg and Kiattismkul 1996). Seemingly endless 

market demand, advancements in larval rearing and growout technologies and large 

profits have all contributed to increases in aquatic animal farming during the 1970's and 

I980's (Awal 1996; Dierberg and Kiattismkul 1996). According to Chua (1992), in one 

year, production of shrimp from aquaculture increased by 17%. Unfortunately, with the 

rapid expansion of the aquaculture industry, have come many serious environmental 

problems. 

Perhaps the most perceived negative environmental impacts of aquaculture have 

been the conversion of mangrove areas to aquaculture ponds and the eutrophication, or 

nutrient enrichment, of effluent receiving waters. Tliese are by no means the only issues 

facing the aquaculture industry. Common complaints from the environmental 

community include the use of exotic species in culture (Goldburg and Triplett 1997), the 

introduction of chemicals used for treating disease outbreaks (Awal 1996), the 

introduction of disease to the natural environment (Goldburg and Triplett 1997), 

salinization of fresh water (Chua 1992) and the use of genetically modified organisms 

(Hendrick 2001). For the sake of discussing only issues relevant to the research reported 

here, I will narrow the remainder of my discussion to mangrove conversions and 

eutrophication. 

In the late 1980's and early 1990's many shrimp farms experienced severe 

problems with disease epidemics and poor water quality (Corea et at. 1998). In many 
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cases, poor farm design and even worse management decisions were to blame (Boyd et 

al. 1998). Farms were stocked at high densities, excessive amounts of feed were used in 

hopes of improving growth (Wang 1990) and all the while, increased water flow through 

the ponds was employed to maintain water quality. Daily water exchange rates for 

intensive shrimp aquaculture were as high as 70%, although average exchange rates were 

closer to 25% per day (Hopkins et al. 1993). 

Ironically, the very management practice believed to be beneficial was in fact 

causing some of the problems, by decreasing on-farm water quality through self-pollution 

of the farm's intake water supply (Corea et al. 1998). As a result of poor management 

and decreased productivity, many individual farms were abandoned. Dierberg and 

Kiattismkul (1996) suggest that a variety of factors, such as disease outbreaks, loss of 

pond soil nutrients and poor management had come together, making the average life 

expectancy of a shrimp pond about seven years. When the relatively short life 

expectancy of a shrimp pond and the overall profitability of shrimp aquaculture are taken 

into consideration, it is no wonder that poorly producing ponds were abandoned and 

rebuilt elsewhere, contributing significantly to total mangrove destruction in some 

regions of the world. 

World-wide, more then 20% (>1 million ha) of the world's mangroves have been 

destroyed since the 1960's. From 1961 to 1986 between 38,000 and 445,000 ha of 

mangroves were destroyed in Thailand alone. Based on data from the FAO and NACA 

(Network of Aquaculture Centers in Asia-Pacific) pertaining to shrimp pond construction 

and mangrove conversions, Dierberg and Kiattismkul (1996) estimate that from 1975 to 
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1993, 16% to 32% of mangrove conversions were directly attributable to aquaculture. 

The remaining 68% to 84% of the converted area was used for other purposes, such as 

rice paddies, firewood collection, urban development or salt pans. When the data used to 

estimate aquaculture's contribution to mangrove destruction are extended back to 1961, 

we see that the mangrove area converted to shrimp aquaculture is smaller, comprising 

12% to 25% of the total. McPadden's (1993) findings in North Sumatra further 

emphasize this point. Between 1977 and 1989, 27% of the primary mangroves had been 

converted, with 7% of the primary mangrove area being converted to shrimp aquaculture 

(Fig. l-5a) and the remaining area being used for agriculture, firewood or other uses. 

Similarly, Tavarutmaneekul and Tookwinas (1995) have shown that 20% of the land 

converted to shrimp aquaculture in Thailand had previously been mangroves (Fig. l-5b). 

A similar pattern emerges when we look at the eutrophication of effluent 

receiving water. It would be naive to say that coastal pollution has not occurred in many 

areas. More specifically, coastal eutrophication caused by aquaculture has been well 

documented (Eng et al. 1989; Awal 1996; Paez-Osuna et al. 1998). Although, as with 

mangrove destruction, the contribution that aquaculture makes is a small fraction of the 

total problem (Fig. 1-6). Using Mexico as an example, contributions to coastal pollution 

by various sources were estimated. It was determined that aquaculture contributed 1.5% 

of the 190,088 metric tons of phosphorus and 0.9% of the 51,831 metric tons of nitrogen 

derived fi'om anthropogenic sources (Paez-Osuna et al. 1998). 

Aquaculture has great potential to help supply the nutritional needs of a growing 

population. To date, however, the benefits that aquaculture can have, have largely been 
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overshadowed by the perceived and sometimes real environmental degradation some 

segments of the industry have caused. The following chapters attempt to explain some of 

what is being done to reduce the environmental impact of aquaculture. 
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Figure 1-Sa. Conversion of primary mangroves in 
Indonesia (McPadden 1993). 
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Figure 1-6. Anthropogenic sources of coastal eutrophication in Mexico (Paez-Osuna et al. 1998). 
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CHAPTER 2 

RESEARCH APPROACH 

The Tragedy of the Commons 

In 1968, Garrett Hardin wrote 'The Tragedy of the Commons,' in which he 

laments the direction that modem science is heading, in trying to solve problems with 

technical solutions. He argues that technical solutions alone are not sufHcient, rather, that 

a change in attitudes and/or morals is often the only solution. In fact, he goes on to say 

that technology will only worsen the situation. According to Hardin, "A technical 

solution may be defined as one that requires a change in the techniques of natural 

sciences, demanding little or nothing in the way of change in human values or ideas of 

morality." 

The majority of his discussion was focused on the 'problem' of human population 

growth. Knowing that population growth is exponential and that there are only limited 

natural resources available on earth, Hardin states that "in a finite world this means that 

the per capita share of the world's goods must steadily decrease," until the earth's 

carrying capacity is reached. In order to avert an eventual crisis, action must be taken. 

While a more equitable distribution of available resources would be a great start, it will 

not eliminate the problem. As Hardin predicted in 1968, technical solutions have yet to 

provide an answer. Therefore, as human population grows and resources are stretched, it 

does seem that the only solution is to limit or stop population growth, which will require 

a change in morals or attitudes, not a technical solution. 
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The problems associated with changing morality can be explained by the concept 

of the commons. In his article, Hardin describes a pasture, open to all herdsmen. As 

each increases his own flock to maximize his own gains, the combined effect on the 

commons can be great. While benefits gained from an additional animal grazing the 

commons is felt solely by its owner, the burden placed on the commons is felt by all. We 

see a similar pattern emerge in terms of adding pollution to the commons. Therefore, 

whether one is taking resources fi'om the commons or adding pollution to them, the 

overall effect is eventual tragedy, and as Hardin says "ruin is the destination toward 

which all men rush, each pursuing his own best interest in a society that believes in the 

freedom of the commons. Freedom in a commons brings ruin to all." 

While I would agree with the underlying premise of Hardin's conclusion, that 

technical solutions will not solve the problem of human population growth, I cannot 

agree with him in terms of technical solutions solving the environmental problems facing 

the aquaculture industry. In fact, I believe his conclusions are just the opposite of what is 

being demonstrated. I would argue that technical solutions can and are providing 

workable solutions to the problems faced by the aquaculture industry today, both in terms 

of taking resources from the commons and in terms of adding pollution to the commons. 

Many of the environmental problems facing the aquaculture industry are the 

direct result of farm management or should I say '^mis-management.' Had the story 

ended on this note, and Hardin written his paper at this time, perhaps he would have 

written: 'Ruin is the destination toward which all fish farms rush, each pursuing its own 

best interest...' If that were the case, I would have no choice but to concur that Hardin 
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was correct in his assessment, that technical solutions can not provide answers to the 

problems facing aquaculture. Fortunately, for the aquaculture industry, the story has not 

ended. It is still being written and continuously revised along the way. 

Despite the selfish management practices of individual farms, changes in 

environmental regulations and public opinion have forced a change on the aquaculture 

industry. Much research has already been devoted to the reduction of efHuent from 

aquaculture facilities. Research with marine shrimp farming for example, although 

initially aimed at stopping disease transmissions from farm to farm, focused on reducing 

water flow through ponds (Corea et al. 1998). As this research progressed, new 

management strategies were developed (Hopkins et al. 1993) and a better understanding 

of shrimp nutrition and physiology were gained. As an industry, aquaculture is no longer 

focusing on faster, better production at any cost; aquaculturists are focusing instead on 

environmental awareness and sustainable production (Boyd et al. 1998). While 

individual approaches to sustainable production are often very different, the overall goal 

of reducing the environmental impacts of aquaculture is the same. 

One could argue that shifting management practices as a result of changing 

governmental regulations and public opinion does not genuinely constitute a technical 

solution to the negative environmental impacts that aquaculture can have, but rather a 

shift in attitudes and on some level this may be true, I would disagree. I cannot accept 

that changing a behavior HAS to be the result of changed ethics. In fact, I would argue 

that the same motive, namely the maximization of production and therefore profit, is still 

a major driving force behind the change in management strategies. In other words, ethics 
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have not changed, technology has. Increases in the understanding of animal nutrition, 

better management practices and an awareness of the impacts of their actions enable 

farmers to make better decisions, simultaneously improving production and decreasing 

the impact on the environment. 

Contrary to Hardin's inference that 'the rational aquactilturist finds that his share 

of the cost of the wastes he discharges into the commons is less than the cost of purifying 

his wastes before releasing them,' modem aquatic farmers in many parts of the world 

have taken steps to ensure that their environmental footprint is as small as possible. 

While the underlying individuals' motivation is likely to be self-preservation and/or 

increasing profits, the collective result has been that the environmental impacts of shrimp 

aquaculture are declining. Technical solutions have not totally eliminated the 

environmental impacts of aquaculture and can, in no way erase past mistakes. Better 

management practices have improved the sustainability of aquaculture and research is 

still under way to further decrease the impact of aquaculture on the environment. In 

general, technical solutions are providing workable answers to aquaculture's current 

problems, not making the situation worse. 
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What's Being Done to Improve the Sustainabilitv of Aquaculture? 

The overall goal of my research has been to provide information that may be used 

to further reduce the environmental impacts of aquaculture. To this end, I have 

undertaken a variety of projects, three of which are described in more detail in the 

following chapters. Chapters 3 and 4 describe work that I conducted at Wood Brother's 

Shrimp Farm in Gila Bend, AZ. Chapter 5 describes work that was done to reduce the 

phosphorus load from high density, flow-through aquaculture facilities. A synopsis of 

the approach taken in each study is included below. 

Chapter 3 - Characterization and evaluation of inland, low-salinity shrimp farm effluent 

as an irrigation source 

Coastal aquaculture can contribute to eutrophication of receiving waters. New 

technologies and improved management practices allow the aquaculture industry to be 

more sustainable and economically viable. Current practices however, do not provide an 

additional use for effluents. Nitrogen, phosphorus and other effluent compounds could 

be valuable as plant nutrients. Both inflow and effluent water from an inland shrimp 

farm, were monitored. Bi-weekly analysis included total nitrogen, ammonia-nitrogen, 

nitrite-nitrogen, nitrate-nitrogen, total phosphorus, reactive phosphorus, alkalinity, 

chemical oxygen demand, biochemical oxygen demand, total suspended solids and 

volatile suspended solids, as well as temperature, salinity, dissolved oxygen and pH. 

Sampling was conducted for one growing season to establish baseline data. These 

baseline data provided an estimate of the nutrients potentially available as fertilizer. 
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Chapter 4 - Integrating olive production with inland shrimp farming 

By integrating aquaculture production into traditional agriculture, the impact of 

farming on already limited water resources and the reliance on chemical fertilizers can be 

reduced. Recent expansion of the aquaculture industry in Arizona has enabled me to 

study the integration of olive groves with marine shrimp culture. There are currently four 

aquaculture facilities in the state growing the pacific white shrimp, Litopenaeus 

vannamei. Each of these farms is using low-salinity (1.3-S.O ppt) groundwater and in 

many instances, effluent generated at these farms is being used to irrigate field crops 

including wheat, sorghum, cotton, alfalfa and olives. The major objective in undertaking 

this study was to quantify the effects of irrigating olive trees with low-salinity shrimp 

effluent. 

A field study utilizing a randomized block design was chosen to test the effect of 

low-salinity shrimp farm effluent on olive trees. This trial examined three effluent/well 

water/fertilizer combinations, normal farm management, 100% effluent and 100% well 

water. Each treatment was applied to 40 olive trees (Olea etiropaea var. Manzanillo), 

planted in rows. Trees were flood-irrigated every 10 to 12 days as needed, at which time 

irrigation water samples were collected. Duplicate water samples from each of the three 

treatment water sources were collected and analyzed for total nitrogen, nitrate-nitrogen, 

total phosphorus, potassium and electrical conductivity. In addition to the water analysis, 

tree growth, soil salinity and soil macronutrients were also monitored. 



35 

Both of these projects were designed with the intention of determining if the 

commercial scale integration of agriculture and aquaculture can be a workable means of 

decreasing the impacts of aquaculture on the environment. Not only might this approach 

decrease efHuent loading of receiving waters, but using nutrient rich efHuent water as an 

irrigation source could also contribute to the fertilizer needs of field crops. 

Chapter S - Preliminary steps towards determining particle residence time in a 

commercial rainbow trout (Oncorhynchtts mykiss) production raceway 

As part of a larger study aimed at reducing the effluent loads of phosphorus from 

high density, flow-through aquaculture facilities, preliminary research steps were taken to 

establish a relationship between total phosphorus and ratios of carbon and nitrogen 

isotopes. The goal of this facet of the project is to determine residence time of 

phosphorus particles in a high-density flow through aquaculture facility. Isotopes of 

phosphorus are relatively unstable, therefore the intention is to use stable isotopes of 

carbon or nitrogen as a proxy. To this end, samples of water, feed, whole fish and feces 

were collected and analyzed for total phosphorus and 5'^C and 5'^. Phosphorus 

concentrations, 5'^C and 5'^ were analyzed using a liner regression to establish a 

relationship. 

This research was conducted as part of a larger project supported by WRAC 

(Western Regional Aquaculture Center). The project objectives were determined prior to 

my involvement, however, the methods employed to meet the stated objectives were of 

my own design. 
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CHAPTERS 

CHARACTERIZATION AND EVALUATION OF INLAND, LOW-SALINITY 

SHRIMP FARM EFFLUENT AS AN IRRIGATION SOURCE 

Introduction 

Coastai shrimp farming with brackish water effluents often contribute to the 

eutrophication of receiving waters (Diergerb and Kiattisimkul 1996; Paez-Osuna et al. 

1998). Stringent government regulations and increased awareness of the impacts of 

effluents on receiving waters have encouraged the development of new technologies and 

innovations, helping to make the aquaculture industry more sustainable and economically 

viable (Boyd et al. 1998). Some of these innovations include pond based recirculating 

systems (Rosati and Respicio 1999), constructed wetlands (LaSalle et al. 1999), 

decreased water discharge (Hopkins et al. 1993), particulate removal via sedimentation 

and bivalves (Wang 1990; Jones et al. 2001; Kinne et al. 2001) and better feeds and 

feeding practices (Cho and Bureau 1997). Each of these innovations can reduce the load 

of organics and metabolites in the discharge water. None of these solutions however, 

provide an additional use for the water. This unexplored opportunity may be important in 

arid and semi-arid regions around the world. 

Numerous marine species including; red drum, Sciaenops ocellatus (Fosberg et al. 

1996; Fosberg and Neill 1997), white shrimp, Litopenaeus vannamei (Samocha et al. 

1998) and tiger prawns, Penaeus monodon (Cawthome et al. 1983; Flaherty and 

Vandergeest 1998) have been commercially reared in moderately saline inland 
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groundwater. Inland shrimp farming in Arizona began as niche production of Specific 

Pathogen Free L. vannamei broodstock. While producing animals in this capacity, 

growth rates of up to 1.7 g/week were realized (Samocha et al. 1998). Promising results 

led to the expansion and subsequent commercialization of shrimp farming in Arizona. 

Today, there are four commercial producers of L. vannamei in Arizona. As of 1999, 

annual production of marine shrimp in Arizona's farms was close to 100 metric tons, with 

a farm gate value of over one million dollars (Fig. 3-1) (Toba and Chew 2001). 

Low-salinity groundwater is an abundant resource of many arid regions. 

Achieving a more efficient and non-injurious use of this water would make an important 

contribution to agricultural industries in arid regions. Integrating aquaculture into 

agriculture may be one solution, providing a greater economic return per unit of water 

and by supplying nutrient rich wastewater for irrigation. In traditional, land-based 

aquaculture, freshwater effluents can be applied to any number of agricultural products. 

Inland, low-salinity aquacultural effluents require a more salt-tolerant field crop. In 

Arizona, shrimp operations are commonly incorporated into existing farms that are 

already using moderately saline groundwater for irrigation (Fitzsimmons 1988). 

The research reported here focused on characterization and evaluation of effluent 

fi-om an inland shrimp farm as an irrigation source. A unique opportunity exists in 

Arizona to study low-salinity aquacultural effluents generated during the production of 

marine shrimp. In undertaking this study, there were two specific objectives: 

1. Quantify the effluent generated at an inland, low-salinity shrimp farm. 

2. Evaluate this inland low-salinity effluent as an irrigation source. 



Figure 3-1. Quantity and value of aquacuiture products grown in Arizona between 1994 and 2000 
(Toba and Chew 2001). 
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Materials and Methods 

This effluent characterization study was conducted at Wood Brothers' Farm in 

Gila Bend, Arizona between 1 June 2000 and 11 October 2000. In addition to growing 

marine shrimp (Z.. vannamei), the 1,000 ha farm regularly plants cotton, sorghum and 

wheat, and it has recently planted 162 ha in olives (Oiea europaea var. Manzanillo). For 

the 2000 shrimp production season. Wood Brother's Shrimp Farm had 18 ponds (IS 

produaion and three nursery) ranging in size from 0.2 to I .O ha each, for a total of 12 ha 

of surface area (Fig. 3-2). On average, ponds were stocked at SO shrimp/m^. According 

to the farm manager's estimate, of the 9.S m^/min of groundwater being pumped into the 

shrimp ponds, 80% was lost to seepage and evaporation and the remaining 20% was 

drained off as effluent, making the estimated average daily water exchange 

approximately 1%. All effluent generated was subsequently collected and used to irrigate 

wheat, sorghum and olive trees. 

Samples of both incoming well water and effluent were collected bi-weekly. 

Triplicate l-L samples were collected from each of two locations. Sampling locations are 

plotted on the map (Fig. 3-2), with a 'W' indicating the well water collection site and an 

'E' indicating the effluent collection site. During sample collection, basic environmental 

data including temperature, dissolved oxygen, salinity and pH were also measured. 

Water samples were transported on ice to the University of Arizona's Environmental 

Research Lab for chemical analysis. 



Figure 3-2. Diagram of Wood Brothers' Shrimp Farm, located in Gila Bend, AZ. Image is drawn approximately to scale. 
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Laboratory analysis included total nitrogen (TN), ammonia-nitrogen (NH3-N), 

nitrite-nitrogen (NOj-N), nitrate-nitrogen (NO3-N), total phosphorus (TP), reactive 

phosphorus (RP), alkalinity (ALK), chemical oxygen demand (COD), biochemical 

oxygen demand (BOD), total suspended solids (TSS) and volatile suspended solids 

(VSS). Ammonia-nitrogen was measured with the salicylate method (HACH Co., 

Loveland, CO). All other analyses were conducted in accordance with APHA et al. 

(1995) (Table 3-1). With the exception of TSS and VSS, irrigation water quality was 

monitored with a HACH DR-890 (HACH Co., Loveland, CO). 

Samples (six per sample date) were analyzed separately and results were grouped 

by location (effluent and well) for statistical analysis. Data were analyzed with the 

statistical software package JMP IN v4 (SAS Institute Inc., Pacific Grove, CA). A paired 

/-test was applied to the water quality data. 
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Table 3-1. Methods used to monitor selected water quality parameters from the incoming 
well water and efHuent from an inland, low-salinity shrimp farm. 

Parameter 

Total Nitrogen 

Ammonia-Nitrogen 

Nitrite-Nitrogen 

N itrate-Nitrogen 

Total Phosphorus 

Reactive Phosphorus 

Alkalinity 

Chemical Oxygen Demand 

Biochemical Oxygen Demand 

Total Suspended Solids 

Volatile Suspended Solids 

Method 

HACH Method # 10071 

Persulfate Digestion Method 

HACHMethod#8155 

Salicylate Method 

HACH Method # 8507* 

Diazotization Method 

HACH Method # 8039 

Cadmium Reduction Method 

HACH Method #8190* 

Acid Persulfate Digestion 

HACH Method # 8048* 

Ascorbic Acid Method 

HACH Method # 8203 

Sulfuric Acid Titration Method 

HACH Method # 8000* 

Reactor Digestion Method 

Standard Method # S210 B 

S day Incubation at 20°C 

Standard Method # 2540 D 

Standard Method # 2540 E 

* USEPA approved for reporting of water and wastewater 
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Results 

Basic Environmental Data 

Salinity, dissolved oxygen and pH increased between the well water and the 

effluent waters, while temperature decreased. Average effluent salinity was 2.2 ppt, 0.2 

ppt higher than the well water salinity. Dissolved oxygen averaged 6.70 mg/L in the 

effluent and 6.4 mg/L in the well water. Effluent pH was 8.84 on average, I.IS points 

higher than the incoming well water. Unlike salinity, dissolved oxygen and pH, 

temperature was lower in the effluent than the well water, averaging 27.89 °C versus 

28.67 °C. Differences observed in salinity, dissolved oxygen and temperature were not 

statistically significant (p>0.1, for all). The difference in pH between the two water 

sources was statistically significant (/7<0.0001). Table 3-2 summarizes these findings. 

Irrigation Water Quality 

Increases were observed in many of the tested parameters between the incoming 

water and the shrimp farm effluent. Concentrations of NH3-N, NO2-N, NO3-N, TP, RP, 

COD, BOD, TSS and VSS increased during in-pond residency. Alkalinity and TN 

decreased during this same time. At a = 0.05, concentration differences between 

incoming well water and effluent water were statistically significant for TN, NH3-N, 

NO2-N, NO3-N, TP, RP, ALK, BOD, TSS and VSS. The difference between well water 

and effluent COD was not statistically significant. 



Table 3-2. Basic environmental data for the incoming water and effluent at a low-salinity shrimp farm in Gila Bend, 
Values in parenthesis are standard errors of the means. 

Parameter Well Water Efiluent >Vatcr DilTerencc l-Statistic df /i-Value 

Temperature (°C) 28.67 (0.24) 27.89(0.50) -0.78 (0.55)* 1.406 58 0.1651 

Dissolved Oxygen (mg/L) 6.40(0.15) 6.70 (0.24) 0.30 (0 28) 1.07 58 0.2861 

Salinity (ppt) 2.0(0.1) 2.2(0.1) 0.2(0,1) 1.37 46 0.1774 

pH 7.69 (0.05) 8.84 (0.08) 1.15(0.10) 11.915 58 <0.0001 

* Negative number indicates a decrease while in the ponds. 
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While total nitrogen decreased from the well to effluent, the various species of 

nitrogen increased as water traveled through the ponds. Total nitrogen concentration 

decreased by 2 mg/L, firom an average of 11 mg/L in the well water to 9 mg/L in the 

effluent. Mean ammonia-nitrogen concentrations increased from 0.02 mg/L NH3-N to 

0.17 mg/L NH3-N. Nitrite-nitrogen increased by 0.256 mg/L, from 0.005 mg/L NO2-N in 

the incoming well water to 0.261 mg/L NO2-N in the effluent. Nitrate-nitrogen levels 

increased from 6.7 mg/L to 9.8 mg/L while in the ponds. Concentration differences 

observed in nitrogen species between incoming well water and effluent water are plotted 

on Figs. 3-3 and 3-4. 

Total and reactive phosphorus increased between the incoming well water and the 

farm's effluent. The concentration of TP increased by 0.34 mg/L PO4, from 0.40 mg/L in 

the well water to 0.74 mg/L in the effluent. The mean increase in RP was 0.14 mg/L 

PO4, resulting in an effluent concentration of 0.33 mg/L PO4 in the effluent water (Fig. 3-

5). 

Alkalinity decreased by 38 mg/L CaCC>3 from the well water to the effluent. 

Chemical oxygen demand increased by 9 mg/L and BOD increased by 5.31 mg/L. Total 

suspended solids increased from 4.6 mg/L in the well water to 46.8 mg/L in the effluent, 

an increase of 42.2 mg/L. Volatile suspended solids increased by 21.7 mg/L while the 

water was in the shrimp ponds. Irrigation water quality is summarized in Table 3-3. 



Figure 3-3. Concentration increases between incoming well water and shrimp farm effluent water 
for ammonia-nitrogen and nitrite-nitrogen. 
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Figure 3-4. Concentration increases between incoming well water and shrimp farm effluent water 
for total nitrogen and nitrate-nitrogen (negative numbers signify a decreased concentration). 
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Figure 3-S. Concentration increases between incoming well water and shrimp farm effluent water 
for total and reactive phosphorus (negative numbers signify a decreased concentration). 
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Table 3-3. Mean levels of selected water quality parameters measured from both incoming and effluent waters at an inland, 
low-salinity shrimp farm and the respective /^-values from a paired ^test. Values in parenthesis are standard errors of the 
means. 

Parjimcter (mg/L) Well Water Effluent Water DifTerence f-Statistic df /r-Vaiue 

Total Nitrogen 11(1) 9(1) -2(1)" 2.621 46 0.0118 

Ammonia-Nitrogen 0.02 (0,00) 0.17(0.03) 0.15(0.03) 4.940 58 <0,0001 

Nitrite-Nitrogen 0.005 (0.004) 0.261 (0.013) 0.256 (0.014) 18 997 58 <0.0001 

Nitrate-Nitrogen 6.7 (0.7) 9.8(0 7) 3.2(1.0) 3.073 58 0.0032 

Total Phosphorus 0.40 (0.04) 0.74 (0.06) 0.34 (0.07) 5.019 58 <0.0001 

Reactive Phosphorus 0.14(0.03) 0,33 (0.03) 0.19(0.05) 4.067 58 0.0001 

Alkalinity 134(5) 96(5) -38 (7)' 5.581 58 <0.0001 

Chemical Oxygen Demand 13(4) 23 (5) 9(6) 1.592 52 0.1175 

BOD** 1.09(0.17) 6.40 (0.65) 5.31 (0.671) 7.914 52 <0.0001 

Total Suspended Solids 4.6(0.5) 46.8 (8.3) 42.2 (8.32) 5,067 58 <0.0001 

Volatile Suspended Solids 2.4 (0.2) 24.1 (2.7) 21.7(2.67) 8.132 58 <0.0001 

' Negative numbers indicate a decrease in value while water was in the ponds. 
** Biochemical Oxygen Demand has been abbreviated as BOD. 
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Contributions to Irrigation 

While the increase in nutrient concentrations is promising from an irrigation point 

of view, this information provides only a portion of the evaluation. The remaining part of 

this evaluation comes fi'om the volumes of water used. As mentioned above, an average 

of 9.5 m^/min of groundwater was pumped through the 12 ha of shrimp ponds during the 

shrimp production cycle. Taking into account the estimated 80% loss to seepage and 

evaporation, approximately 2,725 m' of effluent were generated per day, from late-May 

until mid-October. 

Combining the two portions of this evaluation indicates that substantial amounts 

of nutrients were made available for use as fertilizer. Between May and October 2000, 

0.41 kg of NH3-N, 0.698 kg of NO2-N, 8.7 kg of NO3-N and 0.93 kg of TP were made 

available as fertilizer each day. In addition to the increases in beneficial nutrients, it is 

important to remember that while water salinity only increased by 0.2 ppt, this translates 

into a 545 kg increase in dissolved solids for every 2,725 m^ of water applied to the 

fields. While the increase in salinity is not excessive, it does raise the question of how 

suitable this water is for irrigation. Water analysis results from an independent lab 

suggest that the water being used in this region is not well suited for irrigation, as the 

sodium adsorption ratio (SAR) is 15.82. 
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Discussion 

Nutrient level increases between the incoming well water and the inland low-

salinity shrimp farm effluents are not unexpected. Similar increases have been 

documented for more traditional shrimp farms by Ziemann et al. (1992) and Kinne et al. 

(2001). The magnitude of the increases observed between effluent water and well water 

in the current study were generally similar to those reported by Ziemann et al. (1992), 

with a few notable exceptions. In this study, NH3-N concentrations increased by 88.2%, 

versus their 36.1% increase between incoming water and farm effluent. Even more 

interesting were the changes in NO2-N and NO3-N concentrations. Ziemenn et al. (1992) 

reported a decrease of 364.2% for NO2-N and NO3-N combined. I observed increases of 

31.6% and 98.1%, for NO2-N and NO3-N, respectively. 

As mentioned previously TN decreased while the water was in the ponds. It 

should be noted that the initial TN concentrations in the well water were very high, 11 

mg/L N on average, likely due to the long history of fertilized agriculture in the area 

surrounding the farm. In fact, the shrimp farm was built in what was previously a cotton 

field. At first, the decrease in TN and increases in NH3-N, NO2-N and NO3-N between 

the incoming well water and the farm effluent seem contradictory. Upon closer 

examination, though, it is evident that the loss of TN through the pond is the result of 

fixation of nitrogen into both algal and shrimp biomass. 

Current farm management strategies utilize the nutrient rich 'wastewater' 

generated from the production of marine shrimp as an irrigation source. Efficient water 

utilization is fundamental for the sustainability of shrimp farming in arid, inland locales. 
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In these regions, where water is already a precious commodity, irrigating with 

aquacultural effluents can potentially eliminate some of the pressure placed on this 

resource and help reduce the reliance on chemical fertilizers. 

While using effluent generated on the shrimp farm to irrigate field crops 

eliminates effluent disposal problems and/or treatment concerns, the concentrated load of 

dissolved solids makes this water a two-edged sword. With the dissolved solids, also 

come concerns of soil salinization. As reported above, the SAR of the pond water used 

for irrigation on this farm was high (15.82) slightly lower values would be expected for 

the groundwater. No data is currently available for the groundwater, however. The high 

reported SAR. by itself, would suggest that these waters would lead to poor productivity 

(FAO 1984). 

Despite the high SAR of the irrigation water, there is a long history of agriculture 

in the area. In fact, farm personnel have reported that fields irrigated with shrimp pond 

effluent are more productive than those irrigated with groundwater. To date, however, 

this apparent increase in productivity has not been quantified. Chapter 4, describes 

research that was conducted to investigate the growth enhancing effects low-salinity 

shrimp farm effluent and the potentially negative effects that irrigating with slightly 

saline water has on the soil. 
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CHAPTER 4 

TOWARDS INTEGRATING OLIVE PRODUCTION WITH INLAND SHRIMP 

FARMING 

Introduction 

The efficient utilization of resources, be it man power, fertilizer, water or even 

light and heat, has long been the aim of agriculture. Countless agricultural methods have 

been developed and improved over the years to maximize production. Innovations such 

as greenhouses and genetic engineering have enabled agriculture to be successful even in 

areas where it might not otherwise be possible. 

Prior to the widespread use of commercial farming, the integration of various 

aspects of farm production was commonplace (Fernando and Hal wart 2000). Today, as 

consumers and producers alike become more environmentally conscious, we are seeing a 

renewed interest in more efficient and better utilization of resources. By integrating 

aquaculture production into traditional agriculture, the impact of farming on already 

limited water resources (Prinsloo and Schoonbee 1993; Ingram et al. 2000) and the 

reliance on chemical fertilizers can be reduced (Fernando and Halwart 2000). 

Various methods have been proposed over the years to merge the farming of 

aquatic animals with field crops and/or terrestrial animals (Prinsloo and Schoonbee 1987; 

Ruddle and Zhong 1988; Fernando and Halwart 2000). To date, much effort has gone 

into small-scale (subsistence level) sustainable production of plants and animals 

(Lightfoot et al. 1993; Gupta et al. 1996), with one common approach being the use of 
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agricultural wastes (manures and plant wastes for example) as a fertilizer for fish ponds, 

effectively converting unusable proteins into a usable commodity (Prinsloo and 

Schoonbee 1987; Prinsloo and Schoonbee 1993). More recently, similar ideas are being 

applied on a larger scale, where alternative protein sources are being explored as a 

component in aquaculture feeds. Traditionally, fish feeds required large amounts of 

fishmeal as the primary source of protein (Debault et al. 2000). However, in many types 

of aquaculture feeds, fish meal has been partially replaced by other commodities. In 

catfish feeds, for example, soybean meals commonly replace 45% of the fishmeal in the 

diet formulation (Lim et al. 1998). Other alternative proteins are also being explored, 

including canola meal (Lim et al. 1998), com gluten meal (Kirkuchi 1999), lupin meal 

(Sudaryono et al. 1999), soybean/poultry meal (DeBault et al. 2000) and blood meal 

(Johnson and Summerfelt 2000). 

As aquaculture faces continual pressure from the environmental community and 

increased governmental regulations, efforts are being made to further improve production 

efficiency and decrease the environmental impacts of the industry. In the United States, 

perhaps the most important environmental concern facing the aquaculture industry is the 

disposal of the nutrient rich effluent water produced during the culture of aquatic animals 

(Goldburg and Triplett 1997). Great steps have already been taken toward reducing the 

impacts that these effluent waters have by reducing nutrient loading through the 

manipulation of feeds and feeding practices (Ketola and Harland 1993; Cho and Bureau 

1997), improved water treatment enabling water reuse (Rosati and Respicio 1999; Jones 

et al. 2001; Kinne et al. 2001) and reducing the volume of water used in the production 
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(Hopkins et al. 1993). While each of these methods can effectively reduce the impact 

that aquacultural effluents will have on the receiving water, they do not eliminate 

aquaculture efRuents entirely. 

In freshwater systems, these nutrient rich efRuents can and are being used to 

irrigate any number of crops (Prinsloo and Schoonbee 1987). Freshwater fish account for 

41.9% of world aquaculture production by value and 56.2% of the total production by 

weight (FAO 2000b). The remainder of world aquaculture production is attributed to 

marine organisms, including fish, mollusks and crustaceans. Farmed shrimp accounted 

for only 5.1% of the total aquaculture production by weight in 1998 but 19.6% of the 

total value (Fig. 1-4). Reuse of waste water from the production of marine organisms 

inland is not so straight forward, as the salinity of the water prohibits its use as a source 

of irrigation water, except in select cases. Saline effluents have been used successfully to 

irrigate halophytes (Brown and Glenn 1999; Brown et al. 1999), although commercial 

scale production of these crops is limited (Glenn et al. 1991; Glenn et al. 1998). While 

inland, low-salinity waters have been used successfully to grow numerous marine species 

including; red drum, Sciaenops ocellatus (Fosberg et al. 1996; Fosberg and Neill 1997), 

white shrimp, Litopenaeus vannantei (Samocha et al. 1998) and tiger prawns, Penaeus 

monodon (Cawthome et al. 1983; Flaherty and Vandergeest 1998), integration with 

agriculture has been limited to the addition of manures to increase pond productivity and 

the secondary culture of seaweeds (De La Cruz 1994). 

Recent expansion of the aquaculture industry in Arizona has enabled me to study 

the integration of olive groves with marine shrimp culture. There are currently four 
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aquaculture facilities in Arizona growing the Pacific white shrimp, L. vannamei. As of 

1999, the annual production of marine shrimp in Arizona had grown to approximately 

100 metric tons, with a farm gate value of over one million dollars (Fig. 3-1) (Toba and 

Chew 2001). Each of these farms is using brackish (1.3-5.0 ppt) groundwater and in 

several instances, effluent generated at these farms is being used to irrigate field crops 

including wheat, sorghum, cotton, alfalfa and olives. The major objective in undertaking 

the current study was to quantify the effects of irrigating olive trees with low-salinity 

shrimp farm effluent. 
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Materials and Methods 

A field study utilizing a randomized block design was chosen to quantify the 

effect of low-salinity shrimp farm effluent on olive trees. This preliminary trial examined 

three effluent/well water/fertilizer combinations; A) normal farm management, B) 100% 

effluent water irrigation and C) 100% well water irrigation. Each treatment was applied 

to 40 olive trees (Olea europaea var. Manzanillo) planted in rows for four months 

beginning in March 2001. 

As olive trees are long lived, with much of the growth occurring in the early 

years, a young orchard was chosen as the study site. The selected grove is the southern 

most on the farm and as a result, is situated closest to the shrimp farm. Trees are planted 

in rows running in an east-west direction, approximately 10 m on center. Trees in the 

grove are flood irrigated every 10-12 days, as needed, with irrigation water applied from 

the eastside of the grove. The space between adjacent rows is commonly planted to 

wheat or sorghum while the trees are immature. 

Due to its proximity to a service road, the southwestern comer of the field was 

chosen as the study site (Fig. 4-1). The southern most row of trees was not included in 

the study area to avoid the potential of an edge effect. Four blocks were laid out, each 

containing three rows of 10 trees. Rows were randomly assigned to one of three pre

selected treatments; A) normal farm management, which included irrigation with well 

water and the application of anhydrous ammonia as fertilizer; B) 100% shrimp farm 

effluent water as the sole irrigation and fertilizer source; and C) a negative control 

consisting of 100% well water with no additional fertilizer applied. 



Figure 4-1. Experimental plot at Wood Brother's farm in Gila Bend, AZ used to test the effect of irrigating with low-salinity 
shrimp farm efHuent. 'A' indicates normal farm management, 'B' is irrigation with 100% efHuent water and 'C indicates the 
negative control 100% well water. 
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Water diversion berms were constructed in rows assigned to the 100% effluent 

treatment and the negative control (Fig. 4-1). Soil was dug from between the number 10 

and 11 trees in these rows to connect the irrigation furrows on either side. Removed soil 

was subsequently used to create diversionary berms, effectively isolating the treatment 

trees firom the main field's flood irrigation by directing this water into the inter-row 

spaces that had been planted to wheat during this trial. Rows assigned to the normal farm 

management treatment, did not have diversionary berms. 

Trees in the experimental plot were flood-irrigated every 10 to 12 days as needed, 

following the schedule of the main field. Observation of the irrigation methods and 

conversations with the farm management were used to determine the volume of water 

applied during each irrigation event. It was determined, based on the size of the 

experimental rows, that each would need to receive approximately 3500 L of water per 

irrigation event. Due to the distance from the shrimp production ponds it was not 

practical to pump water to the study site, therefore water for both the 100% effluent and 

the negative control treatments was hauled fi'om their respective sources to the 

experimental rows in a 3800-L polyethylene tank. Water for the 100% effluent water 

treatment was collected from the shrimp farm's drainage ditch with a portable pump. 

Well water for the negative control treatment was taken from the shrimp farm's water 

supply lines. 

During each irrigation event, duplicate irrigation water samples were collected, 

corresponding to the three treatments, for macronutrient analysis. Water was collected 

from the shrimp farm's drainage ditch, the water supply lines and the irrigation ditch 
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supplying the main olive grove, respectively. Samples were analyzed for total nitrogen, 

nitrate-nitrogen, total phosphorus, potassium and salinity. The method used to test each 

parameter is listed in the Table 4-1. A HACH DR-890 (HACH Co., Loveland, CO) was 

used to measure total nitrogen, nitrate-nitrogen and total phosphorus. Potassium was 

measured with a Turner Model 340 (Sequoia-Tumer Corp., Mountainview, CA) 

spectrophotometer and salinity was measured with a YSI Model 32 Conductance Meter 

(Yellow Spring Instruments, Yellow Springs, OH). 

Table 4-1. Analytical methods used to test the macronutrient levels of irrigation water. 

Parameter Method 

Total Nitrogen HACH Method # 10071 

Persulfate Digestion Method 

Nitrate-Nitrogen HACH Method # 8039 

Cadmium Reduction Method 

Total Phosphorus HACH Method #8190 

Acid Persulfate Digestion 

Potassium HACH Method # 8049 

Tetraphenylborate Method 

Salinity Standard Method # 2520 B 

Electrical Conductivity Method 
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In addition to the chemical analysis of the three irrigation water sources, tree 

growth, soil salinity and soil macronutrients were also monitored. Individual trees were 

measured for height and stem diameter each month. Tree heights were measured from 

the ground to the apical meristem of the longest branch, leaves were not used in 

measuring tree height. Stem diameters were measured 20 cm above the ground with dial 

calipers. Diameters were taken at the widest point at this height. 

Soil samples were collected at the beginning and end of the study to measure 

nitrate and phosphorus concentrations and soil salinity. Samples were taken with a 1.5-

cm soil corer to a depth of 0.5 m. One sample was collected from each of the 

experimental rows, in a staggered pattern (Fig. 4-1). Nitrate was extracted fi'om the soil 

with a 2 M KCl solution. Phosphorus was extracted with Olsen's Solution (0.5 M 

NaHCOa). For both nitrate and phosphorus, the filtrate was collected and analyzed with 

the same techniques used for the irrigation water (Table 4-1). 

Irrigation water samples (six per sample date) were analyzed separately and 

results were grouped by source (shrimp farm drainage ditch, shrimp farm supply line or 

olive grove irrigation ditch) for statistical analysis. Soil data and tree growth data were 

grouped by treatment for statistical analysis. The statistical software package JMP IN v4 

(SAS Institute Inc., Pacific Grove, CA) was used to analyze all data. A one-way 

ANOVA was applied to the irrigation water data, followed by a linear contrast to separate 

the means. Tree growth data were analyzed with a repeated measures ANOAVA. Soil 

salinity and nutrient data were analyzed with a paired sample Mest. 
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Results 

Irrigation Water 

Of the irrigation water quality parameters measured, statistically significant 

differences were only found in total nitrogen (Fzji = 30.413, /KO.OOOl). Total nitrogen 

levels in the negative control (100% well water taken from the shrimp farm supply line) 

averaged 20 mg/L N, 10 mg/L higher than the effluent water (/ = 6.228, ^O.OOOl) and 

12 mg/L higher than the irrigation ditch water (/ = 7.096, /XO.OOOl). The I mg/L N 

difference between the effluent water and the irrigation ditch water was not statistically 

significant (/ = 1.157, = 0.2559). Levels of nitrate-nitrogen, total phosphorus, 

potassium and salinity were not statistically significant among the three water sources 

used in this research (^>0.05 for all parameters) (Table 4-2). 

Table 4-2. Nutrient levels (means) of the water used to irrigate the experimental plot 
with the respective F-statistics and /7-values. Numbers in parenthesis are the standard 
errors of the means. 

Parameter 

Total Nitrogen (mg/L) 

Nitrate-Nitrogen (mg/L) 

Total Phosphorus (mg/L) 

Potassium (mg/L) 

Salinity (ppt) 

Water Source 

Well Emucnt Ditch F-Statistic p-Value 

30.413 <0.0001 

1.5496 0.2274 

0.9114 0.4124 

1.9537 0.1578 

2.5782 0.0911 

20(1) 

8.0(1.6) 

0.52 (0.12) 

7.35 (0.97) 

1.95(0.30) 

10(1) 

8.3 (0.6) 

0.69 (0.05) 

6.51 (0.86) 

1.38(0.21) 

9(0) 

5.9 (0.6) 

0.59(0.10) 

8.62(0.21) 

1.22(0.20) 
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Tree Growth 

Height 

Tree height increased an average of 40.1 cm over the four month study period, 

from 172.1 to 212.2 cm (Fig. 4-2). Trees subjected to the normal farm management 

treatment grew 41.4 cm during the study and trees irrigated with 100% shrimp farm 

effluent water grew 41.1 cm during the study (Table 4-3). Trees irrigated with 100% 

well water grew 37.9 cm between March and July. Neither initial height differences nor 

the growth as measured by height was statistically significant among the three treatments 

investigated in this study (F2.109 = 1.3241, p = 0.2704 and F2.109 = 0.6438, p = 0.5273, 

respectively). 

Diameter 

Stem diameter at 20 cm above ground increased by an average of 1.06 cm during 

the study period (Fig. 4-3). Differences in initial tree diameter were statistically 

significantly different among the three treatments (F2.109 = 3.7764, p = 0.0260) with trees 

in the effluent treatment having the smallest diameters, 2.IS cm versus 2.S2 cm and 2.39 

cm for trees in the normal farm management and negative control treatments, 

respectively (Table 4-3). However, the differences in growth as measured by tree 

diameter were not statistically significantly different (F2.109 = 2.5810, /? = 0.0803) among 

the three treatments, nor was % growth (^2,109 = 0.5625, p = 0.5714). Stem diameter 

growth averaged 1.15 cm per tree in the trees that were under normal farm management 

treatment, 0.94 cm per tree in the trees irrigated with 100% effluent water and 1.10 cm 

per tree in the negative control group. 



Figure 4-2. Monthly height of olive trees at the Wood Brothers' farm in Gila Bend, AZ. 
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Table 4-3. Mean height and diameter of olive trees irrigated with various sources of 
water as measured between March and July 2001 at the Wood Brothers' farm in Gila 
Bend, AZ. 

Normal Mgmt. 100% Eflluciit 100% Well 

Height Diameter Height Diameter Height Diameter 

March 175.8(4.6) 1.93(0.07) 166.0(3.7) 1.65(0.08) 174.3(3.9) 1.85(0.07) 

April 186.6(4.2) 2.20(0.08) 178.3(4.0) 1.89(0.09) 185.6(4.2) 2.12(0.08) 

May 196.7(3.8) 2.49(0.09) 188.6(3.8) 2.18(0.11) 194.4(4.4) 2.35(0.10) 

June 206.7(3.7) 2.88(0.10) 197.5(4.1) 2.46(0.12) 201.6(4.6) 2.69(0.12) 

July 217.2(3.6) 3.08(0.11) 207.2(4.1) 2.59(0.13) 212.2(5.0) 2.95(0.13) 

Growth 41.4(2.5) 1.15(0.06) 41.1(2.2) 0.94(0.07) 37.9(2.6) 1.10(0.07) 

Soil Salinity and Macronutrients 

Soil Salinity 

While soil salinity increased during the four month study period in all rows, the 

differences among the three treatments were not statistically significant (F2.11 = 0.6237, p 

= 0.5576). The greatest difference between soil salinity in March and July was seen in 

the 100% efHuent treatment, where salinity increased by 1.99 ppt (Table 4-4). Soil 

salinity increased by 0.54 ppt in the 100% well water treatment and 0.37 ppt in the 

normal farm management treatment over this same time. None of the increases in soil 

salinity observed within each treatment were statistically significant (p>0.32 for all, from 

a two-sample /-test). 



Figure 4-3. Monthly meaurments of olive tree stem diamter at 20 cm above ground. 
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Table 4-4. Mean soil macronutrient and salinity levels from March 2001 to July 2001, 
before and after irrigating with various sources of water, respectively. Numbers in 
parenthesis are the standard errors of the means. 

Treatment 

Parameter Norm. Mgmt. 100% E(T. 100% Well F-Stat. p-Value 

Salinity (ppt) 

March 1.58(0.53) 1.86(0.63) 1.80(0.23) 

July 1.95 (0.69) 3.85 (1.75) 2.33 (0.74) 

Change 0.37(0.95) 1.99(1.62) 0.54(0.54) 0.6237 0.5576 

Nitrate-Nitrogen (mg/g) 

March 11.3(1.0) 8.8(5.3) 15.8(2.1) 

July 20.3 (8.0) 19.8(9.5) 14.5 (5 3) 

Change 9.0(7.4) 11.0(13.0) -1.25 (4.9)^ 0.5258 0,6082 

Total Phosphorus (mg/g) 

March 1.83 (1.00) 9.13 (8.37) 13.35 (8.80) 

July 1.68(1.06) 0.05(0.05) 1.18(1.18) 

Change -0.15(1.80)* -9.08 (8.40)» -12.18 (9.40)« 0.7181 0.5136 

* Negative number denotes a decrease between March and July. 

Soil Nitrate 

Soil nitrate levels increased in the normal farm management and 100% effluent 

treatments, by 9.0 and 11.0 mg NOs-N/g dry soil, respectively from March to July (Table 

4-4). Levels of soil nitrate in the negative control treatment rows decreased by 1.25 

mg/g. None of the differences observed within treatments were statistically significant 
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(^>0.31 for all, from a two-sample Mest). Differences among the three treatment groups 

were also not statistically significant (F^n = 0.5258, p = 0.6087). 

Soil Phosphorus 

Phosphorus levels in the soil decreased across all treatments from an average of 

8.10 mg POVg dry soil in March to an average of 0.97 mg POVg dry soil in July (/ = 

1.792, p = 0.0868). The normal farm management treatment rows decreased by 0.15 mg 

POVg soil during the four month study. Decreases in soil phosphorus in the 100% 

effluent treatment and the 100% well water treatments were 9.08 and 12.18 mg/g, 

respectively (Table 4-4). None of the differences observed within treatments were 

statistically significant ip>Q.l\ for all, from a two-sample /-test). Differences in soil 

phosphorus decreases among treatments were not statistically significant (F2.n = 0.7181, 

p = 0.5136). 
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Discussion 

Using plants as a filtration system for aquacuiture effluents has been well 

documented, with approaches ranging from the use of constructed wetlands (Greenberg 

1991; Redding et al 1997; Rosati and Respicio 1999) to the incorporation of aquacuiture 

effluents into hydroponic vegetable production (McMurtry et al. 1990), with the majority 

of the botanical approaches to aquacuiture effluent treatment being aimed at fr^eshwater 

systems. While the value of mariculture products is greater than that of fi'eshwater 

aquacuiture products (FAO 2000b), botanical approaches to the treatment of mariculture 

effluents are not as well developed as those for freshwater aquacuiture effluents, being 

limited to seaweeds (De La Cruz 1994; Troell et al. 1999) and halophytes (Brown and 

Glenn 1999; Brown et al. 1999). 

McMurtry and co-workers (1990) have reported that aquacuiture effluents from 

fi'eshwater production system can supply all of the necessary mineral nutrition for 

vegetables, including bush beans (Phaseolus vulgaris), cucumbers {Cuctitnis sativtis) and 

tomatoes (Lycopersicon esculentum). It seems logical, then, to assume that with the 

successful production of various marine species in low-salinity waters (Cawthome et al. 

1983; Fosberg et al. 1996; Fosberg and Neill 1997; Flaherty and Vandergeest 1998; 

Samocha et al. 1998) and the salt tolerance of certain crops, that integrating low-salinity 

mariculture and agriculture should result in similar findings. 

In the current study, statistically significant differences were found in respect to 

total nitrogen levels in the irrigation water, with the 100% well water (negative control) 

treatment having the highest nitrogen levels. However, no statistically significant 
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differences were found in tree growth as measured by either height or diameter among 

the three treatments. Looking at Figures 4-2 and 4-3, we can see that slope of the lines 

fitted to the data corresponding to each treatment are not the same, suggesting that while 

growth of trees was not statistically significant over the four month study period, a longer 

term study might show significant differences. In Figure 4-2, the slope of the line fitted 

to the 100% well water treatment data is less than the line for either the normal 

management treatment or the 100% effluent treatment. Figure 4-3 suggests that, when 

extrapolated out, growth of the normal management treatment would be greatest, 

followed by the 100% well water treatment followed by the 100% effluent treatment. 

Our findings are in clear contrast to the improvement in growth shown in other 

research for vegetables (Prinsloo and Schoonbee 1987; McMurtry et al. 1990), seaweeds 

(Troell et al. 1999) and halophytes (Brown and Glenn 1999; Brown et al. 1999). Reasons 

for the apparent discrepancies could be the increases observed in soil salinity or, more 

likely, the high levels of nitrate present in the well water, due to the fact that the farm in 

the study is located in an area that has a long history of being planted to cotton. 

Water analysis from a prior study indicates that the SAR of the water on the 

shrimp farm is high (15.82), suggesting that the water is not suitable for irrigation. 

However, Hendricks (1985) has classified the soils in this area (Gila Bend, AZ) as a 

Torrifluvent association, meaning that with sufficient irrigation (in excess of what is 

needed by the olive trees in this case) the negative effects of the water can be minimized, 

if not eliminated altogether (FAO 1984). Under different conditions, the high SAR could 

become a major issue. My belief, therefore, is that potential benefit of irrigating with 
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nutrient rich, low-salinity shrimp farm effluents has been masked by the high nitrate-

nitrogen levels present in the well water. While irrigating with 100% low-salinity 

effluent did not improve growth of olive trees in respect to either the normal farm 

management or the 100% well water (negative control) during the four month study, our 

results do indicate that irrigating with this low-salinity shrimp farm effluent had no 

noticeable negative effects. 

Despite the promising results obtained in this preliminary study, many problems 

associated with conducting research at a commercial farm were encountered. Over the 

four month study period, the planned irrigation schedule was interrupted on five separate 

occasions due to either miscommunication and/or logistical difficulties. While these 

relatively minor setbacks are to be expected on a commercial farm, they do call into 

question the scientific integrity of the data obtained. It is for this reason that I would 

recommend repeating this research for another season under more controlled 

circumstances. 
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CHAPTERS 

PRELIMINARY STEPS TOWARDS DETERMINING PARTICLE RESIDENCE TIME 

IN A COMMERCIAL RAINBOW TROUT (ONCORHYNCHUS MYKISS) 

PRODUCTION RACEWAY 

Introduction 

Over 26,000 metric tons of trout (>30 cm) were produced domestically in 2000 

with 75% of the production coming from one state, Idaho. According to the National 

Agriculture Statistics Service (USDA-NASS 2001), the value of trout sold and distributed 

by private industry in the United States in 2000 exceeded $70 million. The expansion of 

the aquaculture industry brings with it an increased contribution to global pollution. 

Fortunately, the relationship between aquaculture industry growth and waste production 

has not been linear. 

Since 1972, when the United States Environmental Protection Agency 

implemented the National Pollutant Discharge Elimination System (NPDES) permitting 

process regulating point source discharges into waters of the United States, much effort 

has gone into the development of sustainable practices aimed at minimizing the impact of 

effluent generated at aquaculture facilities. As the industry has grown, better 

management practices and improvements in aquatic animal nutrition (Cho and Bureau 

1997) have made it possible to increase the efficiency of the industry while at the same 

time reducing the overall environmental impact of aquaculture. Phosphorus (P) is often 
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limiting in freshwater systems (Cole 1994); therefore, the reduction of P from trout 

hatcheries and growout facilities is of the utmost importance. 

Research has shown that roughly 20% of P in prepared trout diets is retained as 

fish biomass, with the remaining 80% available for release into the culture system 

(Ketola and Hariand 1993). Axler et al. (1997) have determined that the annual loading 

rate of P is between 4.8 and 18.7 kg per metric ton of trout grown, while Boaventura et al. 

(1997) have suggested that P loading rates can be as high as 25.5 kg per metric ton of 

trout produced. Even at the lower P loading levels reported by Axler et al. in 1997, when 

we combine P loading rates with the annual produaion of food sized trout (>30 cm) in 

2000 (USDA-NASS 2001), we see that between 128 and 500 metric tons of P were 

produced by this sector of the trout industry alone. 

Currently, there is a large body of research focusing on the manipulation of 

dietary P as a means to reduce the overall effluent load (Ketola 1985; Alsted 1988; 

Ketola and Hariand 1993; Ketola and Richmond 1994; Lanari et al. 1995; Heinen et al. 

1996). Hardy (1999) reports decreases in excreted P of 35% in feces and 82% in urine 

between 1990 and 1998 through a lowering of available P in trout diets fi'om an industry 

average of 2.2% in 1990 to 1.4% in 1998. Other research has shown that changing 

feeding practices can also play a role in the reduction of excess P in trout raceway 

effluent water (Cho and Bureau 1997). 

Numerous works have already been done to characterize the effluent generated at 

commercial trout farms (Axler et al. 1997; Boaventura et al. 1997). Determining the 

contributions of P fi'om water and feed entering the system and P leaving the system as 
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fish, feces or dissolved in the effluent is fundamental. Although these characterization 

studies can and have successfully determined whether or not overall loads of P are 

increasing through a farm, but they do not provide any insight into the residence time of 

any particular molecule of P. While the overall goal of this project is to reduce the 

discharge of all species of P firom high-density, flow-through aquacultural facilities, one 

of the first steps must be to accurately track P through a given system. Stable isotopes 

can provide one solution. 

It would be difficult if not impossible to track P directly via isotope spiking, as 

isotopes of P are unstable, with a maximum half-life of 2S days (Weast et al. 1983). To 

this end, naturally occurring C and N isotopes (specifically, and ratios) are being 

investigated as a proxy to the direct tracking of P. Once a solid relationship has been 

established that supports the use of and/or in this capacity, particle residence time 

in a high-density, flow-through aquaculture facility can be determined through the use of 

isotope labeled feed. A study was designed to determine the strength of the relationship 

between P and 5'^C and/or 5'^ in both water and solids collected from a commercial 

trout farm in Idaho. 
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Materials and Methods 

Samples of feed, whole fish, fish feces and water were collected from a 

commercial trout farm in Hagerman, Idaho in July 2001. Sample collection began at 

09:00 on July 6 and continued at 3-h intervals for 12 h. At each sample time, effluent 

water from one trout production raceway was collected from the quiescent zone, along 

with a sample of fish feces. In addition, at 09:00, samples of feed fi'om the demand 

feeder, raw spring water, spring pump-back water and raceway influent water were also 

collected. Whole fish were sampled at 15:00 and 18:00. 

At each sampling time, duplicate water samples were collected, one for total P 

analysis and one for and analysis. Water for total P analysis was collected with a 

400-mi beaker and transferred to a polyethylene bottle containing sulfuric acid as a 

preservative. Samples for isotopic analysis were collected directly in l-L polyethylene 

bottles. No preservatives were used for these samples. Solid samples, with the exception 

of whole fish, were colleaed in 250-ml wide mouth polyethylene bottles. Fish from the 

raceway population were collected at random with a dip-net and placed into whirl packs. 

Solid samples were not preserved prior to freezing. 

All water and solid samples were placed immediately on ice for transportation to 

the University of Idaho's Hagerman Fish Culture Experiment Station where they were 

firozen prior to being transported to the University of Arizona, Environmental Research 

Lab for analysis. Upon arrival, solid samples were dried in an oven at I04°C to a 

constant weight. Solid samples were then ground with a mortar and pestle to facilitate P 

and isotopic analysis. Total P samples were analyzed by a commercial lab (Turner 
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Laboratories Inc., Tucson, AZ) via the ascorbic acid method (Standard Method # 4S00-P 

E , APHAetal. 1995). 

Isotopes of and in solid samples were analyzed by the Department of 

Geosciences at the University of Arizona with a Costech Element Analyser (Costech 

Analytical Technologies, Inc., Valencia, CA). Solid samples were placed in tin capsules 

and combusted in a stream of helium and oxygen at >1020 °C. Water and sulfur oxides 

were removed fi'om the gas following combustion, and prior to the purified gas being 

passed through a Finnigan DeltaPlus mass spectrometer (Thermo Finnigan, San Jose, 

CA). Analytical precision is approximately ± 0.08%o for carbon and ± 0.15%o for 

nitrogen isotopes. Isotope ratios were standardized relative to NBS 20 for carbon and 

NIST SRMs 8547, 8548 for nitrogen isotopes. Analysis of S'^C and 5"N in aqueous 

samples was completed by the Environmental Isotope Laboratory at the University of 

Waterloo (Waterloo, Ontario). 

Following sample collection and analysis, data were analyzed to expose the 

relationship between total P and and/or 5'^. The computer software package, JMP 

IN v4 (SAS Institute Inc., Pacific Grove, CA) was used to test the linear regression of P 

on 5'^C and S'^. After analyzing the data, it was apparent that a solid relationship 

existed between P and 5'^C and 5'^. However, it was my belief that a stronger 

relationship could be identified. To this end, data from the literature (Hardy 1999) 

concerning phosphorus retention in rainbow trout were used to develop a correction 

factor designed to strengthen the relationship between P and isotopes of C and N. Hardy 

(1999) reports that of the P in the diet, 46% is retained in the fish, 46% is excreted in the 
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feces and 8% is excreted into the water from the gills or as urine. Levels of P in both 

water and solid samples were adjusted based on these P retention percentages. 
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Results 

Water Samples 

Total P concentration of water entering the raceway was 0.01 mg/L (0.000001% 

P). Effluent water P concentrations averaged 0.03 mg/L (0.000003% P), ranging from 

0.01 to 0.06 mg/L (0.000001% to 0.000006% P) (Fig. 5-1). The 0.02 mg/L P increase 

observed between the water entering the raceway and the effluent water was not 

statistically significantly different (p = 0.5799, t = 0.655) (Table 5-1). Water entering the 

raceway had a higher 5'^C ratio then the effluent water average, -9.00 vs. -9.54, 

respectively, however, the difference was not statistically significant {p = 0.1714, t = 

1.664). Similarly, 5"N was higher in the incoming water (5.57) than the effluent water 

(5.36 on average). As above the difference was not statistically significant (p = 0.5751, / 

= 0.610). 

Table 5-1. Concentrations of phosphorus, 5'^C and 5'^ on July 6, 2001 at a commercial 
trout farm in Hagerman, Idaho. 

Sample ID Time •/.P Correction Corr. %P 6"C 5"N 

Raceway In 9:00 0.000001 0.08 0.00000008 -9.00 5.57 

Raceway Out 9:00 0.000001 0.08 0.00000008 -9.28 5.58 

Raceway Out 12:00 ND» 0.08 -9.55 5.03 

Raceway Out 15:00 ND* 0.08 -9.31 5.73 

Raceway Out 18:00 0.000006 0.08 0.00000048 -9.54 5.41 

Raceway Out 21:00 0.000002 0.08 0.00000016 -10.02 5.07 

• None Detected 



Figure S-I. Phosphorus concentrations in a commercial trout production raceway. Water sample 

data is reported as mg/L P and solid sample data is reported as %P. 
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Solid Samples 

Feed collected from the demand feeder was 0.62% P, by weight and whole fish 

were 0.75% P by weight. Percent P in fish feces was between 1.6% and 1.9%, with an 

average of 1.7% (Fig. S-1). Carbon 13/12 ratios differed only slightly among samples of 

feed, whole fish and feces (p = 0.0511, F = 5.7173, df = 7). The ''C ratios of feed (-

21.88) and whole fish (-21.29) where similar (p = 0.4544, / = 0.8107). Mean 5'^C in fish 

feces was -22.92, higher than either feed (p = 0.174, / = 1.584), or whole fish (p = 0.0224, 

/ = 3.261). 

Nitrogen 15 isotope ratios were not as consistent between feed, whole fish and 

fish feces as were carbon isotopes (p = 0.0010, F = 37.0771, df = 7). Feed 5"N was 

7.99. Mean 5"N of whole fish was higher than the feed, at 11.23 (/> = 0.01, t = 4.03), 

while mean 5'^ of fish feces was lower than the feed, at 6.50 (p = 0.0933, / = 2.07). 

The difference in 5'^ between whole fish and feces was 4.721 (p = 0.0003, / = 8.609) 

(Table 5-2). 

In all samples, 5'^C levels were lower than the Pee Dee Belemnite (PDB) 

standard, indicating less relative to in nature. Conversely, all samples had a 

higher '^N to ratios than found in the atmosphere. Despite this difference in 5'^C 

depletion and 5'^ enrichment compared to their respective standards (PDB for carbon 

and air for nitrogen), both 5'^C and 5'^ of whole fish were enriched relative to the feed, 

5'^C by 0.59%o and 5'^ by 3.24%o. 
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Table 5-2. Concentrations of phosphorus, 5'^C and 6'^ measured in the feed, whole 
fish and feces collected from a high-density, flow-through aquacultural facility in Idaho. 

Sample ED Time %P Correction Corr. %P 5"C 5*®N 

Feed 9:00 0.62 1.00 0.62 -21.88 7.99 

Whole Fish 9:00 0.87 0.46 0.40 -20.47 11.47 

Whole Fish 15:00 0.60 0.46 0.28 -22.10 10.98 

Fish Feces 9:00 1.70 0.46 0.78 -23.18 6.24 

Fish Feces 12:00 1.90 0.46 0.87 -22.52 6.67 

Fish Feces 15:00 1.70 0.46 0.78 -23.36 5.99 

Fish Feces 18:00 1.60 0.46 0.74 -22.79 5,95 

Fish Feces 21:00 1.60 0.46 0.74 -22.75 7.67 

Model Fitting 

Numerous simple linear regression models of %P on 5''C and 5"N were fitted. 

Figures 5-2 and 5-3 are the original regression models of %P on 5"C and 

respectively. Looking at the values, we see that the regression of %P on 5'^C accounts 

for 48.5% of the variation in the solid samples and 9.6% of the variation in the water 

samples. When combined, however, the regression of %P on 5''C accounts for 76.5% of 

the variation in the system. The regression of %P on 5'^ accounts for 63.6% of the 

variation in the solid sample data and 0.5% of the variation in the water sample data. A 

regression of %P on 6'^ accounts for 4.9% of the variation in the whole system. 



Figure S-2. Linear regression of %P on d 13C, showing individual regression lines for solid samples, 

water samples and the whole system. 
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Figure 5-3. Linear regression of %P on dl 5N, showing individual regression lines for solid samples, 

water samples and the whole system. 

2.00 

1.80 

1.60 

1.40 

1.20 

1.00 

0.80 

0.60 

0.40 

0.20 

0.00 

R' = 0.6363 

= 0.0488 

R' = 0.0052 

• • • 

-0.20 

5.00 6,00 7.00 8.00 9.00 

dl5N 

10.00 11.00 12.00 



84 

In an effort to better explain the relationship between %P and isotopes of C and 

N, a correction factor was developed. It has been reported that 46% of the dietary P is 

retained in the fish, 46% of dietary P is excreted in the feces and the remaining 8% of the 

dietary P is excreted into the water from the gills and/or as urine (Hardy 1999). Using 

these numbers, the %P found in the samples was adjusted to reflect the amount retained 

in each phase as follows; %P in feed was multiplied by 1.00 and %P in both fish and 

feces were multiplied by 0.46, corresponding to the expected percentage of P retained 

(Table 5-2). Phosphorus concentrations in water samples were multiplied by 0.08 (Table 

5-1). 

With the corrected %P values, the linear regressions of 5"C and 5"N were re-run 

(Figs. 5-4 and 5-5, respectively). The linear regression of %P (corrected) on 5'^C 

explains a similar amount of variation in the solid sample data as the previous model, 

48.4% versus 48.5% fi-om the regression of %P on 5'^C. The amount of variation in the 

water sample data that was explained by the regression was unchanged. Overall, the 

corrected %P values increased the amount of variation explained for the whole system 

from 76.5% to 84.3%. While the overall effect on the linear regression of %P on 5''C 

was not great, correcting %P as described above made a greater difference when applied 

to 5'^N. Our initial regression of %P on 5'^ explained 63.6% of the variation in the 

solid sample data. The amount of variation explained in the water sample data was 

unchanged following the correction and the variation explained in the whole system 

increased from 4.9% to 6.6%. Using the corrected values of %P enables the regression of 
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%P (corrected) on 5*^ to explain 86.2% of the variation in the solid data, confirming 

that P fi-om the diet is being partitioned in the culture system as Hardy (1999) described. 



Figure S-4. Linear regression of %P (corrected) on dl3C, showing individual regression lines for 

solid samples, water samples and the whole system. 
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Figure 5-5. Linear regression of %P (corrected) on d 15N, showing individual regression lines for 
solid samples, water samples and the whole system. 
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Discussion 

Techniques involving stable isotope analyses have been used to study a variety of 

biological systems as reported by France (1995), France and Peters (1997), Harrington et 

al. (1998), Fantle et al. (1999) and Takai and Sakamoto (1999). While the specific 

applications reported by each of these authors differs significantly, the underlying 

premise is the same throughout. Namely, that based on the food sources consumed, 

organisms develop a characteristic isotopic signature. This signature can, therefore, be 

used to determine any number of things, such as trophic ladder position (France 199S), 

food source (Fantle et al. 1999), population identity (Takai and Sakamoto 1999) or the 

source of nutrient enrichment (Harrington et al. 1998). France and Peters (1997), as well 

as numerous other authors have examined the relative enrichment of stable isotopes from 

prey to predator, due to selective metabolism of lighter isotopes. Our findings indicate 

the presence of a similar pattern, where both 5'^C and of whole fish were enriched 

relative to the feed and we believe this information will provide a strong foundation on 

which to effectively track particles through a high-density, flow-through aquaculture 

facility. 

The finding from the present study showed that there is a solid relationship 

between the %P and ratios of both and 5'^ in water and solid samples collected 

from a commercial trout production raceway. Admittedly, this model has certain 

limitations, not the least of which is the small sample size. As more data are collected the 

model will become more robust. Overall, I am pleased with the amount of variation (86.2 

and 84.3%) that can be accounted for by the linear regression of %P on or 5"C, 
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after correcting for the expected %P retained in fish and excreted in feces, respectively. 

It is my conclusion, therefore, that these data suggest that by tracking 5'^ and/or 5'^C 

through a high-density, flow-through aquaculture facih'ty over time I will be able to 

determine the residence time of P with a high degree of accuracy. 
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CHAPTER 6 

SUMMARY 

Currently one billion people depend on fish as their primary source of animal 

protein, with fish providing between 13.8 and 16.5% of the animal protein in human diets 

on a world-wide basis (FAO 2000b). The maximum sustainable yield of capture fisheries 

is estimated to be 100 million metric tons annually. Total fishery production in 1998 was 

117 million metric tons (FAO 2000b); 86 million tons were supplied by capture fisheries 

and the remaining 31 million tons were supplied by aquaculture. To date, total fishery 

supplies have grown at a faster rate than has the human population (3.6% and 1.8% per 

year since 1961, respeaively). 

As the capture fisheries reach and exceed their maximum sustainable yields and 

human population continues to grow, aquaculture is poised to meet the increasing 

demand for seafood. However, the benefits that aquaculture can have in supplying 

nutrition have largely been overshadowed by the environmental degradation some 

segments of the industry have caused. I have undertaken a variety of projects aimed at 

providing information that might be used to reduce the environmental impacts of 

aquaculture and improve the sustainability of the aquaculture industry. Three of these 

projects were described in detail in the preceding chapters. 
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Shrimp Farming in Arizona and the Environment 

While no one solution will solve all the environmental concerns plaguing the 

aquaculture industry, and none can erase past mistakes, each step forward can make a 

contribution, no matter how small. By integrating aquaculture production into traditional 

agriculture, the impact of farming on already limited water resources and the reliance on 

chemical fertilizers can be reduced. The efHcient utilization of water is particularly 

important in arid regions. In the research described in Chapter 3, 1 found that 0.41 kg of 

ammonia-nitrogen, 0.698 kg of nitrite-nitrogen, 8.7 kg of nitrate-nitrogen and 0.93 kg of 

total phosphorus were made available as fertilizer in the 2,725 m^ of effluent water 

generated at an inland low-salinity shrimp farm each day. In addition to the increases in 

beneficial nutrients, however, it is important to remember that water salinity increased by 

0.2 ppt between the well water source and the pond effluent, translating into a S4S kg 

increase in dissolved solids for this same 2,725 m^ of water made available each day for 

irrigation. Despite the rising salinity of the irrigation water, observed increases in 

nutrient levels and anecdotal evidence provided by the farm management suggested that a 

beneficial result could be expected when irrigating field crops with this nutrient rich 

wastewater. 

Using effluent generated on the shrimp farm to irrigate field crops eliminates 

effluent disposal problems and/or treatment concerns. Increasing concentrations of 

dissolved solids, however, make this water a two-edged sword. In Chapter 4, the results 

of integrating olive production with inland shrimp farming are discussed. Contrary to my 

initial belief and the anecdotal evidence firom the farm management, there were no 
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observed benefits when olive trees were irrigated with 100% shrimp farm effluent water. 

No statistically significant differences were observed among any of the three treatments 

applied to the olive trees. When fitted with a regression line, however, the data suggest 

that trees irrigated with 100% effluent water were not growing as well as trees in the 

other treatment groups, clearly contrasting not only my initial assumptions, but also the 

published literature. 

After a thorough examination of the data, it seems clear that the results obtained 

in this research are not what would be expected under 'normal' conditions. These study 

conditions were not normal, in that the ground water was very high in total nitrogen, 

averaging 11 mg/L, likely due to the area's long agricultural history. Results from the 

characterization study described in Chapter 3 indicate that levels of total nitrogen 

decreased as water traveled through the shrimp culture ponds. These findings held true 

during the field trial described in Chapter 4. The published literature contains numerous 

examples of effluent enrichment in relation to source water (Diergerb and Kiattisimkul 

1996; Paez-Osuna et al. 1998), clearly contradicting my findings. 
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Preliminary Steps Towards Phosphorus Reduction 

Field applications of effluents can provide one method of reducing the 

environmental impacts of aquaculture. This approach is not always suitable. In flow-

through aquaculture systems, for instance, the volumes of water that would need to be 

disposed of are enormous, rendering most field application impractical. To a lesser 

extent, the same argument holds for mechanically and/or biologically treating these 

effluents prior to disposal. EfTorts instead have focused on reducing the phosphorus 

loading of effluent from high density, flow-through aquaculture facilities by manipulating 

feeds and feeding (Cho and Bureau 1997). 

Chapter S describes work conducted in Idaho as part of a larger study aimed at 

reducing the effluent loads of phosphorus from high density, flow-through aquaculture 

facilities. Preliminary research steps were taken to establish a relationship between total 

phosphorus and 5'^C and 5'^N in order to determine the residence time of phosphorus in 

these systems, so that a more effective treatment/management strategy can be developed. 

These findings suggest that either 5'^ or S'^C would be a suitable proxy for the direct 

tracking of P through a flow-through aquaculture facility, as a linear regression of %P 

(corrected) on 5'^C and 5'^ resulted in values of 0.843 and 0.8622, respectively. I 

am confident, that based on this model, tracking 5'^ and/or 5'^C through a high-density, 

flow-through aquaculture facility over time will enable me to determine the residence 

time of phosphorus particles with a high degree of accuracy. 
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Conclusions 

The lofty goal of eliminating the negative environmental impacts of the 

aquaculture industry is not likely to be met in the near future. Incremental steps, 

however, are constantly being taken. Arguably, the motivation underlying many 

individual's changing practices is not entirely altruistic, but rather the result of a 

combination of factors including increased governmental regulation, changing consumer 

perceptions, economic incentives and a better understanding of aquatic animal 

physiology. 

Regardless of the underlying motivation and contrary to Garret Hardin's inference 

that 'the rational aqtiaculturist finds that his share of the cost of the wastes he discharges 

into the commons is less than the cost of purifying his wastes before releasing them,' 

modem aquatic farmers have and are striving to ensure that their environmental footprint 

is as small as possible. The collective result of these changing behaviors has been an 

overall reduction in the environmental impact of the aquaculture industry. 
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APPENDIX A 

CHAPTER 3 DATA 



Table A-1. Water quality data used in the characterization and evaluation of low-salinity shrimp farm effluent water as an 
irrigation source. 

PH Temp Salinity DO TN NHj-N NO,.N NOi-N TP RP ALK COD CBODs TSS VSS 
Sample Date "C ppt mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L m|/L mg/L mg/L mg/L 
El 6/1/00 9.0 27.7 2.50 5.83 0.05 0.366 14.86 0.33 0.27 156 5.00 17.60 8.80 
E2 6/1/00 9.0 27.7 2.50 5.83 0.04 0.371 16.75 0.53 0.20 136 0.00 12.40 8.00 
E3 6/1/00 9.0 27.7 2.50 5.83 0.05 0.368 16,73 0.53 0.24 119 29.00 11.60 8.40 
Wl 6/1/00 7.6 27.1 2.50 5.6 0.00 0,008 14,77 0.61 0.21 187 14.00 2.40 0.80 
W2 6/1/00 7.6 27.1 2.50 5.6 0.00 0,018 19.11 0.37 0.25 170 26.00 0.00 0.00 
W3 6/1/00 7.6 27.1 2.50 5,6 0,00 0,110 15.68 0.81 0.12 187 0.00 2,00 0.80 
El 6/22/00 8.3 28.5 2.70 5.69 0,15 0.321 18.20 0.66 0.45 119 43.00 6.53 182.00 27.50 
E2 6/22/00 8.3 28.5 2.70 5.69 0.10 0.287 16.30 0.97 0.52 136 15.00 7.43 200.50 32.00 
E3 6/22/00 8.3 28.5 2.70 5.69 0.08 0.265 17.59 0.92 0.41 119 0.00 7.54 147.00 26.00 
Wl 6/22/00 7.2 28.3 2.20 5.44 0.00 0.002 9.39 0.30 0.11 136 2.00 4.40 3.00 1.00 
W2 6/22/00 7.2 28.3 2.20 5.44 0.00 0.002 9.95 0.47 0.21 153 21.00 1.21 5.50 3.50 
W3 6/22/00 7.2 28.3 2.20 5.44 0.05 0.002 11.95 0.24 0.20 153 51.00 1.21 5.50 3.00 
El 7/5/00 8.6 28.7 2.60 7.48 12 0.06 0.236 12.05 0.78 0.24 119 0.00 4.69 18.50 14.50 
E2 7/5/00 8.6 28.7 2.60 7,48 12 0.05 0.349 11.39 0,49 0.33 102 15.00 3.40 22.00 93.80 
E3 7/5/00 8.6 28.7 2.60 7.48 13 0,07 0.410 10.45 0.39 0.37 85 39.00 4.44 21.50 16.00 
Wl 7/5/00 7.2 28.8 2.20 7.2 II 0.00 0.000 4.75 0.31 0.09 153 35.00 0.28 1.50 0.50 
W2 7/5/00 7.2 28.8 2.20 7.2 II 0.00 0.000 4,89 0.23 0.04 153 1.00 0.16 2.00 2.00 
W3 7/5/00 7.2 28.8 2.20 7.2 14 0.00 0.000 4,98 0.41 0.05 153 27.00 0.20 2.00 0.50 
El 7/19/00 9.7 31.2 2.40 7,9 10 0.08 0.336 10.16 0.70 0.21 51 33.00 0.22 32.50 24.00 
E2 7/19/00 9.7 31.2 2.40 7.9 9 0.09 0.342 11.64 0.44 0.28 68 0.00 0.68 33.50 23.00 
E3 7/19/00 9.7 31.2 2.40 7.9 8 0.07 0.339 10.68 0.48 0.19 51 0.00 0.85 33.00 24.50 
Wl 7/19/00 7.9 29.5 2.00 6,76 10 0.01 0.000 4.80 0.53 0,26 119 0.00 0,95 4.50 2.00 
W2 7/19/00 7.9 29.5 2.00 6.76 10 0.00 0.000 4.75 0.50 0.00 119 68.00 1,03 4.00 1.00 
W3 7/19/00 7.9 29.5 2.00 6.76 9 0.00 0,000 3.84 0.35 0.00 119 13.00 0.85 6.50 3.50 
El 8/2/00 9.3 29.7 1.70 7.11 5 0.10 0,169 7,61 0.29 0.78 68 2.04 43.50 31.00 
E2 8/2/00 9.3 29.7 1,70 7.11 7 O i l  0,202 11.23 1,61 0.72 68 2.69 53.50 34.50 
E3 8/2/00 9.3 29.7 1.70 7,11 3 0.06 0.198 9,11 0,53 0.74 68 0.47 23.00 12.50 

vO 



Table A-1. Continued. 

pH Temp Salinity DO TN NH3-N N02-I 
Sample Date »C ppt mg/L mg/L mg/L mg/L 
Wl 8/2/00 7.8 29.8 2,00 6.1 3 0.03 0.004 
W2 8/2/00 7,8 29.8 2.00 6.1 9 0.03 0.001 
W3 8/2/00 7.8 29.8 2.00 6,1 8 0.03 0.002 
El 8/16/00 9.1 30.7 1.90 7.69 8 0.07 0.222 
E2 8/16/00 9.1 30,7 1.90 7.69 7 0.06 0.224 
E3 8/16/00 9.1 30,7 1.90 7,69 8 0.09 0.224 
Wl 8/16/00 8.0 29,3 1.70 5.97 11 0.04 0,000 
W2 8/16/00 8.0 29,3 1.70 5,97 12 0.02 0.000 
W3 8/16/00 8.0 29.3 1,70 5.97 9 0.02 0.000 
El 8/30/00 8,8 27.7 1,80 5.48 9 0.23 0.267 
E2 8/30/00 8.8 27.7 1.80 5.48 9 0.23 0.268 
E3 8/30/00 8.8 27.7 1.80 5.48 8 0.22 0.266 
Wl 8/30/00 7.9 29.6 2.00 6.62 II 0.01 0.000 
W2 8/30/00 7.9 29.6 2.00 6.62 12 0.02 0.000 
W3 8/30/00 7.9 29.6 2.00 6.62 12 0.01 0,000 
El 9/13/00 8.6 27.3 1.70 4.59 10 0.14 0.190 
E2 9/13/00 8.6 27.3 1,70 4.59 10 0.17 0.192 
E3 9/13/00 8.6 27.3 1,70 4.59 11 0.17 0.188 
Wl 9/13/00 7.9 29.6 1,60 5.45 9 0.03 0.000 
W2 9/13/00 7,9 29.6 1,60 5.45 10 0.01 0.000 
W3 9/13/00 7,9 29.6 1.60 5.45 10 0.01 0.000 
El 9/27/00 8,2 26,3 6,16 9 0.68 0.242 
E2 9/27/00 8,2 26.3 6,16 11 0.39 0.236 
E3 9/27/00 8,2 26,3 6,16 8 0.36 0.237 
Wl 9/27/00 7.9 29.2 6,94 10 0.00 0.000 
W2 9/27/00 7,9 29.2 6.94 11 0.00 0.000 
W3 9/27/00 7,9 29,2 6.94 10 0.01 0.000 

N03-N TP RP ALK COD CB0D5 TSS VSS 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
5.14 0.41 0.49 119 0.51 6.00 2.50 
5.45 0.15 0.31 119 0.53 4.50 1.50 
4.55 0.00 0.55 102 0.57 5.50 4.00 
4.59 0.65 0.38 68 37.00 9.94 34.50 22.50 
4.48 1.42 0.43 85 66.00 10.27 34.00 22.50 
4.64 1.19 0.26 85 30.00 9.97 33.00 22.00 
4.30 0.68 0.16 119 20.00 0.71 2.50 1.00 
3.66 0.39 0.00 119 0.00 0.74 2.00 1.50 
4.50 0.14 0.04 102 0.00 0.57 3.00 2.50 
7.41 0,66 0.23 85 20.00 8.55 38.00 24.00 
7.00 0,61 0.25 85 5.00 8.79 38.00 23.00 
6.84 0.43 0.38 85 24.00 8.79 39.00 23.00 
3.86 0.65 0.14 119 0.00 0.99 3.00 2.50 
4.70 0.43 0.00 119 0.00 0.74 6.00 2.50 
4.20 0.59 0.00 119 0.00 0.50 7.00 2.50 
8.39 0.87 0.27 102 50.00 8.22 41.00 23.00 
8.32 0,58 0.12 102 62.00 8.31 38.50 21.00 
8.41 0.70 0.09 119 88.00 861 39.50 22.00 
5.66 0.42 0.00 119 0.00 1.56 3.50 2.50 
4.23 0.41 0.00 119 40.00 0.81 3.50 2.50 
3.82 0.08 0.00 119 0.00 0.38 2.50 2.00 
7.66 0.65 0.06 85 43.00 7,05 34.50 22.00 
6.43 0.81 0.15 85 6.00 6,57 35.00 22.50 
7.50 1.02 0.16 85 0.00 6,99 34.50 21.50 
7.25 0.42 0.00 102 0.00 1,35 7.50 4.00 
7.18 0.43 0.02 102 36.00 1,12 5.00 3.50 
6.95 0.11 0.00 119 0.00 1,35 10.00 4.00 

vO 
-J 



Table A-1. Continued. 

pH Temp Salinity DO TN NH3-N N02-N N03-N TP RP ALK COD CB0D5 TSS VSS 
Sample Date °C ppt mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
El 10/11/00 8.9 2I.1~ ~9.08 9 0,15 0.173 7.52 1.05 0.57 119 0.00 8.98 36.00 22.00 
E2 10/11/00 8.9 21.1 9.08 10 0.70 0.176 6.00 0.81 0.24 119 0.00 10.55 39.00 24.50 
E3 10/11/00 8.9 21.1 9.08 8 0.20 0.177 5.11 1.08 0.24 119 0.00 10.31 37.50 23.50 
W1 10/11/00 7.7 25.5 7.9 15 0.03 0.000 3.89 0.73 0.00 170 0.00 2.20 9.00 4.50 
W2 10/11/00 7,7 25.5 7.9 16 0.07 0.000 6.66 0.54 0.29 170 0.00 2.16 9.50 4.00 
W3 10/11/00 7.7 25.5 7.9 17 0.05 0.000 4.64 0.32 0.60 170 0.00 2.41 10.00 5.00 
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Table B-l. Irrigation water data. 

NO,-N TN TP Salinity K 
Sample Date me/L mc/L ma/L PDt me/L 
El 3/27/01 7.6 17 0.68 1.34 8.66 
E2 3/27/01 8.9 19 0.81 1.34 8.63 
D1 3/27/01 5.6 >25 0.83 0.80 9.75 
D2 3/27/01 7.2 >25 0.58 0.77 9.28 
W1 3/27/01 8.3 23 0.32 1.31 9.17 
W2 3/27/01 7.8 24 0.64 1.34 9.14 
El 4/17/01 7.7 9 0.59 0.74 7.85 
E2 4/17/01 8.1 9 0.66 0.70 8.22 
D1 4/17/01 5.4 8 0.48 0.77 8.47 
D2 4/17/01 6.7 9 0.30 0.77 8.47 
W1 4/17/01 11.5 22 0.56 1.34 9.06 
W2 4/17/01 3.3 23 0.21 1.38 9.14 
El 5/2/01 12.1 8 0.77 0.80 7.61 
E2 5/2/01 11.7 8 0.60 0.83 7.59 
D1 5/2/01 9.7 8 0.45 0.86 8.09 
D2 5/2/01 9.6 8 0.84 0.83 8.24 
W1 5/2/01 19.0 25 0.57 1.44 9.26 
W2 5/2/01 14.6 24 0.35 1.47 9.38 
El 5/15/01 6.5 10 0.80 2.14 7.24 
E2 5/15/01 5.8 11 0.45 2.08 7.31 
D1 5/15/01 3.1 10 0.27 2.69 8.56 
D2 5/15/01 3.0 9 0.06 2.66 8.36 
WI 5/15/01 2.3 11 0.26 2.05 7.83 
W2 5/15/01 2.6 9 0.26 2.02 8.00 
El 5/29/01 6.9 10 0.59 0.80 7.22 
E2 5/29/01 6.9 11 1.19 0.83 7.36 
D1 5/29/01 5.2 10 1.04 1.15 7.57 
D2 5/29/01 4.3 8 1.00 1.09 7.66 
Wl 5/29/01 10.3 21 1.61 1.41 8.52 
W2 5/29/01 10.5 19 0.88 1.47 8.27 
D1 6/19/01 6.1 7 1.15 9.19 
D2 6/19/01 5.2 8 1.15 9.82 
El 6/28/01 8.0 5 0.61 2.43 0.21 
E2 6/28/01 9.2 8 0.54 2.50 0.21 
Wl 6/28/01 3.2 22 0.39 4.10 0.21 
W2 6/28/01 2.3 20 0.13 4.10 0.21 
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Table B-2. Olive tree heights and diameters. Heights (H) and diameters (D) are reported 
in cm. Treatments are abbreviated as normal management (A), 100% effluent water (B) 
and 100% well water (C). 

3/12/01 4/11/01 S/lS/01 6/26/01 7/18/01 
Block Treat. Tree H D H D H D H D H D 
1 A 1 195.0 2.34 210.0 2.66 223.0 2.78 239.5 3.75 249.5 4.07 
I A 2 182.0 1.73 175.0 2.29 199.5 2.55 207.0 3.12 219.0 3.41 
I A 3 179.0 2.14 189.0 2.46 195.5 3.04 202.5 3.59 220.5 3.72 
1 A 4 62.0 1.94 89.0 1.04 109.0 1.07 135.5 1.13 150.0 1.26 
1 A 5 177.0 1.99 200.0 2.20 216.0 2.71 229.5 3.00 239.5 3.06 
1 A 6 185.0 2.14 203.0 2.48 207.0 2.60 218.5 3.14 221.0 3.25 
1 A 7 187.0 1.84 179.0 2.37 202.0 2.83 203.5 3.18 217.5 3.05 
I A 8 180.0 2.15 209.0 2.41 222.0 2.81 221.0 3.42 234.0 3.42 
I A 9 162.0 1.57 172.0 2.02 185.5 2.24 194.5 2.29 201.0 2.37 
I A 10 173.0 1.98 189.0 2.25 197.0 2.53 201.5 3.05 221.0 3.03 
1 B 1 117.0 0.82 131.0 1.08 149.0 1.06 154.5 1.13 168.5 1.21 
I B 2 136.0 1.27 154.0 1.51 162.5 1.69 174.0 2.04 187.0 2.13 
I B 3 155.0 1.28 178.0 1.52 191.5 1.79 194.5 2.05 202.0 2.25 
I B 4 102.0 0.40 102.0 0.54 97.5 0.41 96.5 0.53 91.0 0.44 
1 B 5 167.0 2.02 199.0 2.42 206.5 2.76 212.5 3.39 220.0 3.27 
I B 6 189.5 2.07 203.0 2.77 224.0 2.67 230.5 2.99 247.0 3.40 
I B 7 116.0 0.63 105.0 0.52 114.5 0.51 110.5 0.47 124.5 0.46 
I B 8 174.0 1.66 187.0 1.72 202.5 2.34 211.5 3.00 216.0 3.04 
I B 9 186.0 2.12 201.0 2.53 209.0 2.71 214.0 3.16 217.0 3.48 
I B ID 187.0 1.81 184.0 2.11 203.5 2.59 213.5 3.24 226.0 3.37 
I C 1 158.0 1.61 188.0 2.04 206.5 2.13 215.0 2.29 230.0 2.44 
1 C 2 175.0 2.06 189.0 2.39 207.0 2.71 210.5 2.97 226.0 3.18 
1 C 3 166.0 2.15 179.0 2.48 195.0 2.67 191.5 3.02 211.0 3.30 
I C 4 164.0 1.25 168.0 1.49 196.0 1.61 197.5 1.82 207.5 2.05 
I C 5 178.0 1.38 182.0 1.60 198.7 1.65 191.5 1.99 204.0 2.08 
I C 6 171.0 1.47 185.0 1.76 190.0 1.72 185.5 1.98 201.0 2.01 
I C 7 186.0 2.06 198.0 2.28 213.0 2.58 209.0 2.97 228.0 3.10 
1 C 8 199.0 2.01 208.0 2.47 213.0 2.71 219.5 3.01 233.0 3.43 
1 C 9 181.0 2.00 186.0 2.28 195.5 2.49 202.5 3.14 213.0 3.20 
I C 10 162.0 1.72 171.0 2.04 186.0 2.19 203.5 2.80 215.0 3.01 
2 A 1 88.0 0.64 98.0 0.64 123.5 0.86 133.5 0.98 149.5 1.12 
2 A 2 187.0 2.07 197.0 2.27 214.0 2.63 224.5 2.97 246.0 3.15 
2 A 3 205.0 2.10 204.0 2.52 217.0 3.01 230.0 3.43 231.5 3.79 
2 A 4 194.0 2.21 201.0 2.68 209.0 3.09 119.5 3.52 232.0 3.75 
2 A 

A 
5 193.0 2.14 208.0 2.54 224.5 2.96 241.0 3.23 256.0 3.44 

L 
1 

A 
A 

o 
7 188.0 1.81 197.0 2.56 198.5 2.44 213.5 2.69 221.5 3.06 

2 A 8 184.0 2.14 183.0 2.15 211.0 2.56 218.0 3.11 225.0 3.33 
2 A 9 179.0 1.66 184.0 1.60 189.0 1.78 198.5 2.17 200.0 2.25 
2 A 10 170.0 2.28 179.0 2.06 184.5 2.29 191.5 2.63 197.5 2.70 
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Table B-2. Continued. 

3/12/01 4/11/01 5/15/01 6/26/01 7/18/01 
Block Treat. Tree H D H D H D H D H D 
2 B I 145.0 1.53 147.0 1.95 162.5 2.18 168.0 2.45 180.5 2.44 
2 B 2 157.5 1.77 173.0 1.82 179.5 2.19 202.5 2.79 220.5 3.00 
2 B 3 166.5 2.07 196.0 2.13 205.5 2.28 211.5 2.82 227.0 2.97 
2 B 4 176.5 1.75 190.0 2.13 189.0 2.31 196.5 2.70 204.0 2.73 
2 B 5 173.0 1.84 187.0 2.04 192.5 2.43 205.0 2.41 219.5 2.63 
2 B 6 187.5 1.84 196.0 2.00 191.0 2.61 208.5 3.18 214.0 3.01 
2 B 7 188.0 2.32 199.0 2.47 208.0 3.05 224.0 3.48 234.5 3.58 
2 B 8 175.5 1.40 183.0 1.60 195.0 1.97 206.5 2.21 221.0 2.50 
2 B 9 178.5 2.42 186.0 2.69 195.5 3.08 211.5 3.77 217.0 4.20 
2 B 10 159.0 1.22 163.0 1.57 173.0 1.65 192.3 2.06 207.0 2.19 
2 C I 112.5 0.51 112.0 0.55 114.5 0.75 114.0 0.59 113.5 0.58 
2 C 2 185.0 1.81 188.0 2.03 181.5 2.42 210.0 3.00 226.0 3.02 
2 C 3 186.5 2.24 194.0 2.43 193.0 0.74 201.5 3.34 216.0 4.02 
2 C 4 

C 
90.0 0.47 89.0 0.40 92.0 0.41 89.5 0.39 90.0 0.40 

L 
2 

L. 

c 

3 

6 149.5 1.18 174.0 1.98 188.0 1.99 194.0 2.03 205.0 2.33 
2 c 7 186.0 2.20 184.0 2.37 184.5 3.23 204.5 3.08 219.0 3.81 
2 c 8 169.5 2.20 179.0 1.96 196.0 2.46 199.5 2.61 220.0 2.71 
2 c 9 205.0 2.19 209.0 2.37 214.0 2.70 208.5 3.26 224.0 3.48 
2 c 10 182.5 2.24 210.0 3.00 224.5 3.30 238.5 3.77 247.0 4.07 
3 A 1 171.0 1.40 198.0 1.62 212.0 2.03 217.5 2.52 229.0 3.02 
3 A 2 144.0 1.17 163.0 1.30 180.5 1.59 195.0 2.05 205.0 2.24 
3 A 3 210.0 2.46 210.0 2.64 169.5 3.31 185.5 2.86 193.5 3.32 
3 A 4 192.0 2.25 194.0 2.52 209.0 2.70 231.0 3.48 237.0 3.52 
3 A 5 192.0 2.04 193.0 2.20 194.0 2.56 197.0 3.01 219.0 3.65 
3 A 6 203.0 1.58 205.0 2.06 203.0 2.02 222.5 2.79 232.0 2.55 
3 A 7 171.0 1.73 173.0 2.04 185.5 2.10 191.5 2.54 207.0 2.65 
3 A 8 191.0 2.07 195.0 2.27 209.5 2.51 223.5 3.02 235.0 3.15 
3 A 9 165.0 2.11 175.0 2.06 180.5 2.13 193.5 3.01 200.0 2.97 
3 A 10 188.0 1.76 191.0 1.99 195.0 1.98 205.0 2.59 213.0 2.44 
3 B 

D 
1 158.0 1.89 158.0 2.33 171.5 2.28 176.0 2.53 191.0 2.71 

J 

3 
D 

B 
z 

3 191.0 1.68 201.0 1.86 210.0 2.32 217.5 2.71 220.0 2.95 
3 B 

D 

4 
C 

208.0 2.29 222.0 2.80 224.0 3.08 240.5 3.40 241.0 3.56 

3 
D 

B 6 164.0 1.50 172.0 1.45 185.0 2.70 190.0 2.07 199.5 2.30 
3 B 7 192.0 2.04 205.0 2.15 207.0 2.47 226.0 3.03 237.5 3.05 
3 B 8 103.0 0.41 103.0 0.38 lOl.O 0.40 101.0 0.41 lOl.O 0.41 
3 B 9 188.0 2.08 199.0 2.66 201.5 2.50 206.0 2.36 211.0 3.08 
3 B 10 153.0 1.42 165.0 1.65 182.5 1.96 197.5 2.04 206.0 2.10 
3 
-5 

C I 163.0 2.05 172.0 2.18 174.5 2.77 193.5 3.00 200.0 3.30 
J 

3 c 3 198.0 2.27 201.0 2.41 205.0 2.60 194.5 3.50 216.0 3.70 
3 c 4 205.0 2.06 204.0 2.58 204.5 3.01 230.0 3.62 231.5 4.10 
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Table B-2. Continued. 

3/12/01 4/11/01 5/15/01 6/26/01 7/18/01 
Block Treat. Tree H D H D H D H D H D 
3 C 5 173.0 2.05 178.0 2.03 186.5 2.32 196.5 2.80 213.5 3.11 
3 C 6 179.0 1.80 180.0 2.20 178.5 2.13 186.0 2.71 201.0 2.67 
3 C 7 194.0 2.21 204.0 2.38 213.0 2.73 227.0 3.20 244.0 3.48 
3 C 8 106.0 0.43 102.0 0.61 104.0 0.48 105.0 0.47 105.0 0.45 
3 C 9 161.5 1.59 195.0 2.41 203.0 2.71 211.0 3.04 223.0 3.23 
3 C 10 189.0 2.21 188.0 1.69 189.5 1.97 194.5 2.16 203.0 2.53 
4 A I 201.0 2.04 202.0 2.16 205.0 2.75 209.0 2.72 205.0 2.99 
4 A 2 182.0 2.78 183.0 3.23 201.0 3.77 213.5 3.99 213.0 4.30 
4 A 3 166.0 2.04 175.0 2.30 192.0 2.47 205.0 2.73 218.0 3.53 
4 A 4 173.0 1.83 186.0 2.36 200.5 2.82 116.5 3.06 225.0 3.66 
4 A 5 180.0 2.34 192.0 2.67 198.0 3.03 206.5 3.25 216.0 3.51 
4 A 6 194.0 2.08 203.0 2.36 202.0 2.50 206.0 3.01 219.5 3.27 
4 A 7 157.0 2.01 169.0 2.08 164.5 2.32 179.5 2.46 186.0 2.48 
4 A 8 183.0 2.11 191.0 2.47 205.0 3.03 215.0 3.48 225.0 3.35 
4 A 9 182.0 2.05 191.0 2.25 192.0 2.35 197.0 2.43 211.0 3.03 
4 A 10 
4 B 1 137.0 1.12 152.0 1.19 157.5 1.53 169.5 1.54 183.5 2.19 
4 B 2 121.0 1.60 134.0 2.03 150.0 2.02 161.0 2.27 165.5 2.26 
4 B 3 179.0 1.58 183.0 1.80 180.0 2.41 193.0 2.27 197.0 2.65 
4 B 4 178.0 2.02 191.0 2.18 201.0 2.42 210.0 2.65 218.0 2.82 
4 B 5 155.0 1.61 173.0 2.00 199.0 2.11 209.0 2.25 221.5 2.37 
4 B 6 178.0 2.02 188.0 2.00 204.0 2.55 209.5 2.75 240.0 2.76 
4 B 7 176.0 1.65 188.0 2.03 193.0 2.38 196.5 2.68 199.0 2.54 
4 B 8 141.0 1.02 167.0 1.08 169.5 1.11 170.0 1.85 161.5 1.20 
4 B 9 155.0 1.66 170.0 1.64 182.5 1.65 189.5 1.99 194.5 2.00 
4 B 10 168.0 1.87 188.0 2.22 196.5 2.72 205.5 2.71 208.0 2.84 
4 C 1 189.0 1.88 203.0 2.14 201.5 2.27 220.5 2.69 230.0 2.99 
4 C 2 173.0 2.09 183.0 2.34 180.5 2.71 199.0 3.00 208.0 3.05 
4 C 3 138.0 1.63 153.0 2.01 151.5 1.83 172.0 2.08 181.0 2.73 
4 C 4 170.0 1.72 191.0 1.80 194.5 2.02 203.5 2.47 203.0 2.67 
4 C 5 200.0 2.04 205.0 2.28 210.5 2.60 211.5 2.75 215.0 3.08 
4 C 6 166.0 1.63 180.0 2.01 190.0 2.01 202.5 2.36 220.0 2.79 
4 C 7 194.0 2.33 204.0 2.84 217.0 2.86 221.5 3.32 231.0 3.98 
4 C 8 193.0 2.38 222.0 2.61 230.5 2.80 234.5 3.15 242.0 3.53 
4 C 9 211.0 2.01 224.0 2.25 224.0 2.66 222.0 2.66 236.0 2.78 
4 C 10 176.0 1.82 187.0 2.12 190.5 2.57 205.0 2.77 214.0 3.07 
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Table B-3. Soil salinity and macronutnents. Treatments are abbreviated as normal 
management (A), 100% effluent water (B) and 100% well water (C). 

Salinity NOj-N TP 
Date Block Treat. ppt mg/L mg/L 
3/12/01 1 A 3.08 10.0 4.40 
3/12/01 1 B 1.08 6.0 34.20 
3/12/01 1 C 1.78 13.0 16.10 
3/12/01 2 A 0.71 13.0 2.40 
3/12/01 2 B 2.00 0.0 0.00 
3/12/01 2 C 1.22 17.0 0.00 
3/12/01 3 A 1.54 13.0 0.00 
3/12/01 3 B 0.78 5.0 2.10 
3/12/01 3 C 1.85 12.0 0.10 
3/12/01 4 A 1.01 9.0 0.50 
3/12/01 4 B 3.58 24.0 0.20 
3/12/01 4 C 2.33 21.0 37.20 
7/11/01 I A 0.87 lO.O 0.00 
7/11/01 1 B 2.19 7.0 0.00 
7/11/01 I C 1.86 6.0 0.00 
7/11/01 2 A 0.79 16.0 2.30 
7/11/01 2 B 8.80 48.0 0.00 
7/11/01 2 C 1.07 5.0 0.00 
7/11/01 3 A 3.64 44.0 4.40 
7/11/01 3 B 0.76 12.0 0.20 
7/11/01 3 C 1.90 21.0 4.70 
7/11/01 4 A 2.51 11.0 0.00 
7/11/01 4 B 3.65 12.0 0.00 
7/11/01 4 C 4.49 26.0 0.00 
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