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ABSTRACT 

The objective of this dissertation was to evaluate the 

feasibility for integrating aquaculture with agriculture on 

irrigated farms. I developed a pulsed flow culture procedure 

for culturing fish in irrigation ditches where water was 

replaced once daily. Water from the fish culture operation 

was then used to irrigate ornamental trees (mesquite) for 

sale to the nursery industry. 

Twelve and four tenths percent of the channel catfish 

survived the 90 day experiment whereas 88.5% of the tilapia 

survived. These differences were statistically (P<0.05) 

significant and may indicate that red tilapia are better 

suited than channel catfish for culture in pulsed flow 

culture systems. 

Densities of 10 and 20 tilapia/m3 showed the best 

performance among the five densities (10, 20, 30, 50, and 70 

fish/m3 ) tested. Water quality limited the density of fish 

that could be cultured in this type of pulsed flow culture 

system. Ammonia concentrations and levels were periodically 

high (5 ppm) and dissolved oxygen levels were periodically 

low (1.5 ppm). Each 100 meters of ditch could potentially 

produce between 240 kg and 420 kg of tilapia per growing 

season. In all treatments, the length and weight of red 
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tilapia predicted by Santos' equation closely followed the 

empirical data. 

There was a significant difference (p < = 0.001) in the 

growth (height and stem base area) of mesquite trees 

irrigated with well water and those irrigated with water 

that was from the fish culture facility. Trees of the size 

produced with water from the fish facility could be sold 

after about six months for prices ranging form $5.50 to 

$8.50. Trees irrigated with well water would take twice as 

long to reach a marketable size as those irrigated with 

water used for fish culture. 

The integration of aquaculture with agriculture using 

pulsed flow culture systems seems to have the potential to 

increase cash flow from irrigated farms. The production of 

fish and ornamental trees with the same water used to 

irrigate agronomic crops seems biologically, technically, 

and economically feasible. 
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1. INTRODUCTION 

In the last decade, health concerns have increased the 

demand for food fish in developed countries. In the united 

states, for example, the per capita consumption of fishery 

products increased 25 percent in the 1980s (Tucker and 

Robinson, 1990). In 1990, per capita consumption of fish 

and shellfish products was 7 kg. This number may increase 

to 9 kg by the end of the century and 11 kg by 2010. This 

trend could mean that by 2000 an additional 450 million kg 

of edible fish and shellfish would be needed (United states 

Department of Agriculture-Extension Service 1991). 

Currently, the USA imports more than 40 percent of all 

edible fish and shellfish consumed by the population. In 

1989, the U.s trade deficit for fish and shellfish was 3.2 

billion dollars; 9.6 billion dollars in fish products were 

imported in this year (United states Department of 

Agriculture-Extension Service 1991). wild harvest from the 

world's current natural fisheries is at or near the maximum 

sustainable yield because of ocean pollution and over

fishing. One way the worldwide fishery demand can be met is 

by aquaculture production (United states Department of 

Commerce, 1988). 

In the last decade, aquaculture production in the USA 

has grown 15 percent annually. The value of U.s. farm-
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raised fish has increased from 200 million dollars in 1980 

to 860 million dollars in 1990. About half of this value 

was derived from farm-raised catfish (Tucker and Robinson 

1990). Domestic production of catfish has increased an 

average of 20 percent per year from 1980-1988 (Branch and 

Tilley 1989), with a 6-10 percent annual increase since 1988 

(USDA 1990). virtually all of the fish cultured in the U.S 

is grown in facilities specifically dedicated to fish 

production. In these facilities, all of the costs of 

production (including water) must be borne by the sale of 

the aquaculture product. Such facilities may be profitable 

in water rich areas but are generally not profitable in arid 

areas where water must be purchased. Integrating fish 

culture with agriculture in arid regions has the potential 

to improve cost benefit ratios (Muller and Varadi 1984, 

Lorio 1987, Williams et al. 1987, Brooks 1990, Budhabhatti 

and Maughan 1990). 

Integration of agriculture with aquaculture has direct 

application to many countries other than the united states. 

Irrigation projects exist in many parts of the world (e.g., 

the northeast region of Brazil and Mexico). From 1950 to 

1985, the amount of land under irrigation almost tripled. 

In 1985, 1.5 billion ha of land were cultivated in the 

world. About 271 million ha were irrigated. These 

irrigated lands were distributed as follows: 70 percent were 
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located in Asia, 24 percent in North America and Europe,and 

the remaining 6 percent were in Africa, South America and 

Oceania (WorldWatch Institute 1987). In many developing 

countries, irrigated crops are responsible for up to 70 

percent of total food production (Riley 1992). 

The most efficient integration of aquaculture with 

agriculture requires that the water used to irrigate farm 

crops be used first to raise fish. Efficiency is further 

increased if fish are grown in existing facilities (such as 

irrigation ditches) and if the timing of water demand and 

the amount of water needed by the fish is the same as the 

timing of water demand and the amount of water needed by the 

agronomic crops. 

Existing irrigation structures resemble aquaculture 

facilities such as ponds and raceways, which have been 

utilized for centuries to raise fish (Pillay 1990). They 

also represent a large financial investment from which the 

farmer realizes no direct income. In addition, a single 

farmer may have many kilometers of ditches that could be 

used for fish culture. Growing fish in these irrigation 

facilities could generate income from the sale of the fish 

and help to offset the costs of water and increase the cash 

flow from the farm. 

Raising fish in irrigation waters may also decrease the 

cost of soil fertilization. Irrigating with water that has 
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been previously used to raise fish may provide sUbstantial 

amounts of nutrients from the fish metabolic process to the 

crops. Preliminary data indicate that the addition of 

dissolved and particulate organic material from a fish 

culture facility to the soil can improve soil fertility in 

much the same way as the addition of manure (Conrad 

Klienholz, Langston University, personal communication 

1992) . 

On most irrigated farms there are five types of 

resources that have potential for use for aquaculture: 

ponds, canals, off system containment structures (irregular 

ponds connected to irrigation systems), constantly flowing 

ditches, and periodically flowing ditches. The objective of 

this dissertation is to evaluate the feasibility of 

cUlturing fish in periodically flowing ditches. 

Culture of fish in each of type of irrigation structure 

faces different constraints. The requirements for fish 

culture in ponds have been well established in other parts 

of the country (Tucker and Robinson 1990). These data can 

probably be directly applied to Arizona conditions. 

There is virtually no published work on the 

requirements for culturing fish in large canals. However, 

T. Porti (Aquaculture Specialist, University of Arizona 

Maricopa Agricultural Center, personal communication) has 

successfully reared catfish (Ictalurus punctatus) and grass 
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carp (Ctenopharyngodon idella) as a demonstration project in 

the Stanfield Irrigation District canal near Maricopa, 

Arizona, for several years. The constraints of culture in 

canals are: 1) the effect of velocity on the metabolic 

efficiency of fish; 2) the cost of construction and 

maintenance of the structures necessary to hold fish; 3) and 

the tendency for debris to accumulate on these structures. 

There are few published works on the culture of fish in 

off system containment structures, but such culture is 

biologically feasible (Budhabhatti and Maughan 1992). 

Budhabhatti and Maughan (1992) successfully cultured fish in 

off system ponds that were replenished by both irrigation 

return flow and surface water. T. Porti (personal 

communication) has profitably cultured channel catfish in an 

off system drainage canal (an elongated pond) for the last 2 

years at the Maricopa Agriculture Center. 

The major constraint to fish culture in these standing 

water culture systems integrated with agriculture is 

maintenance of water quality. The principles of culture in 

standing water culture systems do not differ a great deal 

from those applied to ponds. 

Irrigation ditches provide large potential for fish 

culture. These ditches fall into two types: head ditches 

that constantly contain water (very rare) and conveyance 

ditches that periodically contain water (most common). 
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Budhabhatti and Maughan (1992) and T. Porti (personal 

communication) have demonstrated that it is feasible to 

culture fishes in ditches that always contain flowing water. 

These systems appear to have promise for integrating fish 

culture with irrigated agriculture under constant flow 

conditions. 

The constraints of culturing fish in ditches containing 

constantly flowing water (constant flow culture systems or 

CFC's) are the energetic requirements of fish exposed to 

current, the ease of theft or predation on fish in ditches, 

the vulnerability of fish to unexpected flow cessation, the 

vulnerability of fish to sunburn (especially black catfish), 

and the high cost of water. 

Energetic constraints can be overcome by placing 

structures in the bottom of the ditch behind which the fish 

can congregate. Vulnerability to sunburn can be overcome by 

placing screens across the ditch. Vulnerability to 

predation and theft can be partially offset by restricting 

access to the culture area and by checking the fish often. 

The possibility of unexpected flow disruption can be 

overcome by back-up systems or structures that will retain 

some water in the ditch in the event of flow cessation. The 

high cost of water can be overcome by culturing fish of high 

value or by reducing water demands. 

The largest percentage of the ditches available for 
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fish culture on farms only periodically contain water 

(pulsed flow culture systems or PFC's). Fish culture in 

these areas faces special constraints. The first constraint 

is that flowing waters pass through the ditches only 

periodically depending on the crop being raised. During the 

periods of water flow, these systems are subject to the flow 

related constraints discussed for CFC's. When water flow 

ceases, they are subject to problems of water quality 

maintenance encountered in SWC's. To be effective, culture 

of fish in irrigation ditches must adapt to the conditions 

of pulsed irrigation flow. 
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The selection of an appropriate species to culture is 

an important component of any aquacultural enterprise. Each 

species has characteristics that limit its culture to 

particular situations. For each culture system, we must 

select species whose characteristics coincide with existing 

conditions or make conditions compatible with the 

requirements of the species that is to be cultured. The 

characteristics of pulsed flow culture systems (PFC's) have 

not been studied previously so it is impossible to know what 

species are most appropriate for culture. 

Channel catfish and tilapia (Oreochromis §Q) are widely 

cultured in warm water systems in the U.S. Channel catfish 

grow rapidly, have reasonably high market acceptability, and 

tolerate moderately low water quality conditions. Several 

species of tilapia also grow rapidly, have a small but 

growing market acceptability, and tolerate water quality 

conditions that would kill other species (Williams et al. 

1987). 

I studied the survival of red tilapia (hybrid 

Oreochromis mossambicus X ~ urolepis hornorum ) and 

channel catfish to evaluate which species can be raised in a 
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pulsed flow irrigation system. 

2.2 METHODOLOGY 

Fish were cultured for 90 days (from December, 1991 to 

March, 1992) in two 100 m3 trapezoidal (2.0 m x 0.60 m x 

1.20 m) ditch sections. The ditches were located at Desert 

Gold AquaFarms in Hyder Valley, Dateland, Arizona. Water 

from wells was a constant 28°C. Water was passed through 

the system for up to 30 min once a day or more frequently if 

the temperature of the water dropped below 15°C. I stocked 

one of two sections with 2000 channel catfish fingerlings 

(150-200 mm, 19-25 g). I stocked the other section with 

2000 red tilapia (30-50 mm, 5-10 g). 

Prior to stocking, fish were batch weighed and a sample 

of 100 red tilapia and 100 channel catfish were individually 

weighed and measured. Following stocking, fish were fed a 

floating, pelleted feed that was 32 percent protein and 

nutritionally complete. Feeding rates were determined by 

the amount fish consumed in a 20 minute period (Williams et 

al. 1987). 

Normally, the fish were fed once or twice a day. 

Relevant water quality data (dissolved oxygen, pH, ammonia, 

temperature and salinity) were collected once a week in each 

of the sections. At the end of the experiment, fish were 



counted in each section and survival recorded. 

statistical analysis for comparing two binomial 

proportions (ott 1988) was used to determine the 

significance of differences in survival. This procedure 

allowed me to compare survival between the two samples. 

Successful application of this test requires that: 1) each 

sample population is greater than 30; 2) the outcomes are 

either success or failure (survival or mortality); 3) and 

the two experiments are independent. statistical 

significance was considered to be p <= 0.05. 

2.3 RESULTS 
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There were statistically (P<0.05) significant 

differences between the survival of red tilapia and channel 

catfish. Channel catfish had 12.4 percent survival over the 

90 day experiment. Although this represents heavy 

mortality, there was no massive mortality event, rather, 

fish died throughout the experiment. The smaller fish 

generally died first. Dying fish generally exhibited the 

symptoms of bacterial gill disease (severe gill hyperplasia, 

presence of fungi). Many of the dead fish showed the 

characteristic hole in the head used as the diagnostic for 

Edwardsiellosis or "hole in the head disease". 

The survival of tilapia was high (88.5 percent). 

There were no disease outbreaks in the ditch section 
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system. 
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Water quality was periodically poor in the irrigation 

ditches. Ammonia was frequently above 1.5 mg/liter. 

Dissolved oxygen levels were often as low as 1.5 ppm at 

early morning. Water temperature varied between 15 and 27 

C. Average salinity levels were 6.5 ppt and pH varied from 

7.2 to 7.8. There were no statistical differences in water 

quality parameters between the two sections. 

2.4 DISCUSSION 

Water quality was periodically low in these pulsed flow 

systems. High-density stocking (Tucker and Robinson 1990), 

the rapid organic build up associated with the metabolism of 

the fish, and decomposition of waste food were probably 

responsible for poor water quality. 

Periodic poor water quality probably will always be a 

constraint in pulsed flow systems. Therefore, successful 

culture will require the use of a species that is resistent 

to low water quality or one that can acclimate to low 

dissolved oxygen and high ammonia concentrations (Meade 

1985, Boyd 1990, Pillay 1992). 

Low water quality stressed channel catfish and reduced 

their resistance. These conditions may have caused disease 

outbreaks (Meyer 1979, Tucker and Robinson 1990). Channel 
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catfish are the most widely cultured fish in the united 

states. Budhabhatti and Maughan (1992) showed that channel 

catfish raised in cages in flowing water ditches had good 

survival and growth. However, my data demonstrated that 

under pulsed flow conditions, channel catfish had very low 

survival. Therefore, they may not be an acceptable species 

for use in these systems. 

Rufier et al. (1981) stated that the 96-hr LC50 

ammonia-nitrogen concentration for channel catfish was 

between 1.5 to 3.1 mgjL. Rubinnete (1976) reported that 

channel catfish exposed to 0.12 mgjL of ammonia-nitrogen for 

27 days suffered severe gill hyperplasia (leading to 

suffocation) and weight loss. Ammonia-nitrogen values 

frequently exceeded 1.5 ppm in my study. Low survival was 

probably partially associated with high total ammonia

nitrogen concentrations. 

Channel catfish are more likely to die when high 

ammonia-nitrogen levels are associated with low dissolved 

oxygen levels (Torans and Lowell 1987, Neori et al. 1988, 

Tucker and Robinson 1990). Merkens and Downing (1957) 

reported that ammonia is more toxic when the concentration 

of oxygen is less than 2.0 ppm. In my experiment the 

dissolved oxygen level was normally low (1.5-3.0 ppm) only 

during the early morning hours. Therefore the low survival 

of channel catfish is probably the result of the combination 
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of high ammonia and low dissolved oxygen. 

The high survival of red tilapia may be associated with 

their resistance to low water quality conditions and their 

ability to acclimate to high ammonia concentrations (Redner 

and Stickneys 1979, Watanabe et ale 1990, Suresh and Lin 

1992a). Selection of species for culture whose tolerances 

are compatible with existing conditions is one of the basic 

steps required in using irrigation installations to raise 

fish. The reports cited above and the results of my 

experiment may indicate that red tilapia would be a good 

candidate for culture in pulsed flow culture systems. 

Additional work is required to determine if red tilapia are 

compatible with even less frequent water exchange. 



3. OPTIMUM DENSITY OF RED TILAPIA IN PULSED FLOW 

IRRIGATION SYSTEMS 

3.1 INTRODUCTION 
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Many people have observed that irrigation canals and 

conveyance ditches are very similar in appearance to fish 

culture raceways (Brooks 1990, Budhabhatti and Maughan 

1991). Like raceways, ditches convey large amounts of water 

that should be capable of supporting fish. 

There is a great deal of information on methods to 

culture fish in ponds (Newton 1980, Muller and Varadi 1984, 

Gregor and Barrett 1987, Williams et al. 1987a, 1987bi 

Collins 1988, Conrad 1988, Lorio 1987). However, 

Budhabhatti and Maughan (1991) found little information on 

how to culture fish in cages in flowing waters, and no 

information on how to culture fish in pulsed flow culture 

systems. 

The two principle questions that must be dealt with in 

a pulsed flow system is what species to culture and at what 

density to culture. Reports by Redner and stickney (1979), 

Watanabe et al. (1990), Suresh and Lin (1992a) have shown 

high resistance of red tilapia to low water quality. My 

experiments have shown that tilapia had high survival in 

pulsed flow systems. Therefore, I concluded that tilapia 

was the species of choice for culture in pulsed flow 
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systems. I now deal with the question of density. 

The principle constraint of pulsed flow culture systems 

is low water quality. Low water quality is also the 

constraint faced in high density culture in cages, raceways, 

and closed circulation systems (Ray 1981; Luccchetti and 

Gray 1988; Avault 1989). There are no previous data on fish 

culture in pulsed flow systems but there is a great deal of 

information on the effects of growing fish at high densities 

in other types of systems. 

At first glance, pulsed flow culture systems seem to be 

very similar to culture in raceways or cages in flowing 

water systems. In raceway culture, fish are stocked at high 

densities; normally from 300 to 700 fingerlingsj m3. The 

actual density used depends on the initial size of 

fingerlings. Abundant pristine water is one of the basic 

requirements for raceway culture. A raceway with 22 m3 of 

space can produce 4500 kg of channel catfish (Avault 1989), 

whereas a 1-ha pond would be required to produce the same 

weight of fish (Tucker and Robinson 1990). 

The maximum density of channel catfish that can 

successfully be reared in cages in a 0.5-ha pond is near 500 

fish (0' Silva 1983). Density studies in Oklahoma (D'Silva 

and Maughan 1992), have shown that cages containing 400 

fishjm3 in 0.5-ha pond give more consistent culture success 
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than 500 fish/m3 (Williams 1983). The 400 fish/m3 stocking 

rate provides sufficient numbers to prevent fighting (which 

slows growth) (Konikoff and Lewis 1974), but low enough 

numbers to minimize disease or water quality problems 

(Schmittou 1969, Williams et al. 1987). However, in 

Arizona, caged fish cultured at these densities in flowing 

water systems experienced 25-30 percent mortality before 

numbers stabilized at 300 fish/m3 • Reducing densities to 

300 fish/m3 resulted in rapid growth rates (Budhabhatti and 

Maughan 1991). 

Fish reached sizes in excess of 450 g in as little as 3 

months, with food conversion ratios of 1.4:1 (Budhabhatti 

and Maughan 1991). Adding baffles to the cages allowed fish 

to escape from the current and increased average growth by 

115 (average size exceeded 450 g) over a 3-month culture 

period (Budhabhatti and Maughan, personal communication). 

Despite the apparent similarities with cage culture in 

flowing water and raceways, pulsed flow culture systems are 

really a hybrid between ponds and raceways. During periods 

of no flow, there is a heavy buildup of waste products which 

results in low water quality. If the cultured fish are not 

resistent to this condition, the crowded circumstances and 

associated low water quality can provoke massive mortality 

or at least cessation of growth (Collins and Delmendo 1976, 
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Cole and Boyd 1986; Boyd 1990). Therefore, pulsed flow 

culture systems can support much lower densities of fish 

than raceways because of the long duration of standing water 

conditions. 

Under standing water conditions pulsed flow culture 

systems resemble long narrow ponds. The density of fish 

normally cultured in fish ponds ranges from 0.5 to 2 fish/m3 

(Tucker and Robinson 1990). However, the use of pulsed flow 

might make it possible to culture at densities higher than 

those in ponds but lower than those in raceways. 

Elevated levels of organic wastes in the irrigation 

water could supply large amount of fertilizer for agronomic 

crops (Conrad Klienholz, Langston University, personal 

communication 1992). In addition, PFC's use only water 

destined to meet the needs of an agronomic crop; there are 

no added water costs for fish culture. 

This paper reports the performance of red tilapia 

raised at five different densities in a pulsed flow culture 

system. 

3.2 METHODOLOGY 

Three 25-m3 sections of an irrigation ditch were each 

subdivided into five sUbsections. Each section was 

considered a block with five treatments (densities). Each 
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sUbsection was randomly assigned one of the following 

densities: 70, 50, 30, 20, 10 fishjm3 • The ditches were 

located at Desert Gold AquaFarms in Hyder Valley, Dateland, 

Arizona. Water entered the system from wells. The ditches 

were trapezoidal in shape (2.00 m x 0.60 m x 1.20 m). 

Prior to stocking (May 7), 50 red tilapia destined for 

each subsection were individually weighed and measured. 

Mean initial length and weight were 115.3 mm and 30.9 g 

respectively. Fish were harvested on August 28. All fish 

were counted and batch weighed. A sample of 50 red tilapia 

from each sUbsection were individually weighed and measured. 

Following stocking, fish were fed a floating, pelleted, 

nutritionally complete feed that contained 32 percent 

protein. A high protein, nutritionally complete feed is 

required in ditch culture because fish do not get the 

opportunity to pick up trace minerals and vitamins while 

foraging (Williams et al. 1987). 

Fish were fed twice a day (0830 and 1730 h) and feeding 

rates were determined by the amount of food consumed in a 

20-min period. This ad libitum feeding approach has been 

shown to produce acceptable growth rates (D'Silva and 

Maughan 1992). Every 28 days, 30 fish from each treatment 

were weighed and measured (Table 1). 
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A split-plot design was used to test for patterns in 

length and mean weight, net total growth, daily growth, 

percent harvestable fish, feed conversion efficiency, and 

survival of red tilapia among treatments over time and to 

relate these factors to water quality parameters (Gomez and 

Gomez 1984). Analysis of covariance and univariate analysis 

of variance were developed among length, weight, net total 

growth, daily growth, percent of harvestable fish, survival, 

and water quality parameters. Trend analysis (using 

Tablecurve statistical package) was developed between 

densities and length, weight, net total growth, daily 

growth, and percent of harvestable fish. Differences were 

considered statistically significant at the 0.05 level. 

The following water quality parameters were analyzed 

once or twice a week in each of the treatments: temperature, 

total dissolved solids, conductivity, salinity, dissolved 

oxygen, pH, total ammonia-nitrogen, and transparency. 

Dissolved oxygen was measured with a polarographic 

oxygen meter, YSI (YSI Industries, Yellow Springs, Ohio). 

Measurements of total ammonia, temperature, conductivity, 

salinity, and pH and estimates of total dissolved solids 



TABLE 1. Parameters used to compare fish performance among densities 

PARAMETER FORMULA FOR CALCULATION 

Mean length (om) 

Mean weight (g) 

Net growth in length (om) mean length at harvest - mean length at stocking 

Net growth in weight (g) mean weight at harvest - mean weight at stocking 

Daily growth in length (om) mean length at harvest - mean length at stocking I time in days 

Daily growth in weight (g) mean weight at harvest - mean weight at stocking I time in days 

Percent of harvestable fish (X) number of fish> 150 g I total number of fish x 100 

Feed conversion ratio total dry weight of feed I final fish biomass - initial fish biomass 

Survival (X) number of fish stocked - mortality I number of fish stocked x 100 

W 
I-' 



were made with a DREL/1c portable lab (Hach Co., Loveland, 

CO), and transparency with a Secchi disk (Boyd 1990). 
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Analysis of covariance and univariate analysis of 

variance were developed among length, weight and water 

quality parameters. statistical significance was considered 

to be at the 0.05 level. 

3.3 RESULTS 

Mean length of red tilapia ranged from 165.1 to 202.2 

mm at harvest. Differences were significant among 

treatments and inversely correlated with density (Tables 2 

and 3; Figure 1). Mean final weight ranged from 98.2 to 

191.3 g at harvest. Mean weights differed significantly 

among treatments and were inversely correlated with density 

(Tables 2 and 3; Figure 2). 

There was no significant difference (Table 3) in growth 

between fish at densities of 10 or 20 fish/m3
• Fish in 

these two densities grew significantly faster than those 

from the remaining three (30, 50 , and 70 fish/m3
) 

treatments. 

The mean total net individual increase in length ranged 

from 49.1 to 86.3 mm at harvest and was inversely correlated 

with density. The mean total net individual increase in 

weight ranged from 67.5 to 159.8 g at harvest 
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TABLE 2. Effects of density and time on total 
growth in length and weight of red 
tilapia. 

Source of Total Total 
variation Length weight 

(mm) (g) 
-------------- -------------

F P F P 

Blocks 2.46 > 0.05 2.48 > 0.05 

Density (D) 53.06 < 0.001 176.61 < 0.001 

Time (T) 540.20 < 0.001 1451.15 < 0.001 

D x T 7.43 < 0.001 44.09 < 0.001 



TABLE 3. Mean individual length (MIL) and weight (MIW), mean total 
net individual increase in length (MNL) and weight (MNW) 
for different densities of tilapia at harvest. 

DENSITY MIL MIW MNL MNW 
( fish/ml) (rom) (g) (rom) (g) 

10 202.2 a 191.3 a 86.3 a 159.8 a 

20 199.7 a 183.8 a 85.7 a 153.7 a 

30 186.8 b 141. 5 b 71.4 b 110.1 b 

50 167.1 c 103.2 c 52.3 c 72.1 c 

70 165.1 c 98.2 c 49.1 c 67.5 c 

- Means followed by the same letter do not differ 
significantly (Duncan's test at 5% probability level). 
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and was inversely related to density (Table 3; Figures 3 

and 4). 
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There were significant differences in total net 

individual increase in length and weight (Table 3 ) of fish 

among treatments. The difference between the average 

individual total net increase in weight in the highest and 

lowest densities at harvest was 92.3 g. There was no 

significant difference in net increase in weight between 

densities of 10 and 20 fish/m3 (Table 3). Net increase in 

weight in these two densities was significantly higher than 

that in the other three (30, 50, and 70 fish/m3
) treatments. 

Mean daily growth in length ranged from 0.47 to 0.77 mm 

at harvest. Differences were significantly different and 

inversely correlated with density (Tables 4 and 5). Mean 

final daily growth in weight ranged from 0.64 to 1.43 g at 

harvest. Mean daily growth in weight differed significantly 

among treatments and was inversely correlated with density 

(Table 4-5; Figure 5 and 6). 

There was no significant difference between growth at 

densities of 10 or 20 fish/m3
• Daily growth in weight at 

these two densities was significantly higher than that in 

the remaining three (30, 50, and 70 fish/m3
) treatments 
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TABLE 4. Individual daily growth in length (DGL) and in weight (DGW), total net 
yield (TNY), feed conversion ratios (FCR), percent of harvestable fish 
(PHS), survival (SURV), and productivity (PROD) of red tilapia at 
harvest. 

Source of 
Variation DGL 

(11m) 

F P 

Blocks 

DGW 
(g) 

-F--P 

TNY 
(g) 

-F--P 

F significance 

FCR 

-F--P 

PHS 
(~) 

-F--P 

40 

SUR V PR~ 
(~) (kg/m ) 

-F--P -F--P 

Density 26.2 <0.01 107.4 <.01 24.7 <0.01 11.65 <0.01 125.2 <0.01 0.23 >0.05 24.7 <0.01 
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TABLE 5. Mean total individual daily growth in length (DGL) 
and in weight (DGW) for various densities of 
tilapia. 

DENSITY DGL DGW 
(fish/m3 ) (rom) (g) 

10 0.77 a 1.43 a 

20 0.75 a 1. 37 a 

30 0.64 b 0.98 b 

50 0.47 c 0.64 c 

70 0.44 c 0.60 c 

- Means followed by the same letter do not differ 
significantly (Duncan's test at 5% probability level). 
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(Table 5). 

Mean percent of harvestable fish (red tilapia > 150 g) 

varied from 0 to 93 percent. There were significant 

differences in the percent harvestable fish among treatments 

(Tables 4 and 6; Figure 7). These differences were 

inversely correlated with density. There were no significant 

differences in the percentage of harvestable fish between 

densities of 10 and 20 fish/m3
• The percentages of 

harvestable fish in the lowest two densities were 

significantly higher than those at densities of 30, 50, and 

70 fish/m3 (Table 6). 

Overall survival at harvest was 90.7 percent. There 

were no significant differences in survival among treatments 

(Tables 4 and 6; Figure 8). However, data from section 3 

(treatments of 30 and 70 fish/m3 
) require special 

explanation. In these treatments, coyotes killed two thirds 

of the fish during the thirtieth and thirty-fifth days of 

the experiment. In the same week that this mortality 

occurred, fish were restocked. After restocking there was 

no more predation. 

Net productivity ranged from 1.4 to 4.2 kg/m3 and was 

directly correlated with density. There were significant 

differences between densities of 10 fish m3 and the 

remaining densities (Table 4 and 6; Figure 7). 
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TABLE 6. Mean total net yield . (TNY), feed conversion ratio 
(FCR), percentage of harvestable size (PHS), 
Survival (SURV), and productivity (PROD) for various 
densities of tilapia. 

DENSITY TNY FCR PHS SURV PROD 
(fish/m3 ) (g) (%) (%) (kg/m3 ) 

10 7085.9 a 2.05 bc 88.0 a 88.7 a 1.41 a 

20 14037.8 b 1.49 d 86.7 a 90.1 a 2.81 b 

30 15302.1 b 1.83 cd 27.0 b 89.9 a 3.06 b 

50 16205.9 b 2.38 ab 10.0 c 91.4 a 3.26 b 

70 21162.0 c 2.76 a 0.00 92.7 a 4.20 c 

- Means followed by the same letter do not differ 
significantly (Duncan's test at 5% probability level). 
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Feed conversion ratios ranged from 1:1.49. to 1:2.76. 

There were significant differences among treatments (Table 4 

and 6; Figure 9). The lowest feed conversion ratios 

occurred at the densities of 20 and 30 fish/m3 • There were 

no significant differences between feed conversion ratios in 

these two densities. However, feed conversion ratios in 

these two densities were significantly different from those 

in the remaining three (10, 50 , and 70 fish/m3
) treatments 

(Table 6). 

Dissolved oxygen levels ranged from 0.8 to 7.8 mg/L; 

temperature from 21.5 to 30.6 C; pH from 7.2 to 8.2; total 

dissolved solids from 5600 to 6700 ppm; conductivity from 

11.2 to 13.4 umhos/cm; salinity from 5.7 a 6.8 ppt; ammonia

nitrogen from 1.5 to 7.6 mg/L; and transparency from 5 to 25 

cm. 

Only dissolved oxygen and ammonia-nitrogen levels 

(Table 7) were significantly different among densities. 

However, covariance analysis (one and two covariate) between 

length and weight and ammonia and oxygen levels did not show 

a linear relationship. Therefore, univariate analysis of 

variance was performed (Gomez and Gomez 1984). 

The equations (trend) for growth of red tilapia in 

length (r2 = 0.85), weight (r2 = 0.86), net growth in length 



TABLE 7. Importance of water quality factors [dissolved oxygen (DO), temperature (Temp), pH, 
ammonia-nitrogen (AN), salinity (Sal), total dissolved solids (TOS), conductivity 
(Conduct), and transparency (Transp») to tilapia. 

Source of 
Variation 

Blocks 

Oensity(O) 

Time (T) 

o x T 

Source of 
Variation 

Blocks 

Oensity(O) 

Time (T) 

o x T 

DO 
(ppm) 

-F--P-

1.9 >0.05 

24.8 <0.01 

98.3 <0.01 

4.04 <0.01 

Sal 
(ppt) 

F P 

<0.5 >0.05 

<0.5 >0.05 

<0.5 >0.05 

<0.5 >0.05 

significance 

T~ pH AN 
(oe) (ppm) 

F P -F--P- -F--P-

1.1 >0.05 1.1 >0.05 0.1 >0.05 

0.9 >0.05 Q •• 9 >0.05 64.0 <0.01 

1417 <0.01 1.24 >0.05 94.8 <0.01 

1.0 <0.01 0.48 >0.05 5.3 <0.01 

TOS Conduct Transp 
(ppm) (unhos/em) (em) 

F P F P F P 

1.0 >0.05 1.0 >0.05 1.2 >0.05 

0.8 >0.05 1.0 >0.05 0.91 >0.05 

14151 >0.05 7.32 <0.01 6010 <0.01 

0.9 >0.05 1.0 >0.05 0.92 >0.05 
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(r2 = 0.85) , net growth in weight (r2 = 0.80) , daily growth 

in length (r2 = 0.83) , daily growth in weight (r2 = 0.85) , 

feed conversion rate (r2 = 0.98), and percent of harvestable 

fish (r2 = 0.81) are graphically presented in Figures 10 to 

17. 

3.4 DISCUSSION 

There were statistically significant differences in 

growth among red tilapia reared at different densities. 

Average length and weight, net growth in weight, net growth 

in length, daily growth in length, daily growth in weight, 

and percentage of harvestable size fish decreased with 

increased densities. Feed conversion ratio's exceeded 1:1.5 

in all but the densities of 20 to 30 fish/m3 • Harvestable 

size red tilapia (weight > 150 g) could be obtained in 

pulsed flow culture systems in a relative short period of 

time (112 days). 

Trend analysis indicated ( Figures 10 to 17) that 84.6 

percent of the variance in length, 86.2 percent of the 

variance in weight, 84.9 percent of the variance in net 

growth in length, 80.3 percent of the variance of net growth 

in weight, 83.4 percent of the variance in daily growth in 

length, 84.7 percent of the variance in daily growth in 

weight, 98.3 percent of the variance in feed conversion 

ratio, and 81.8 percent of the variance in 
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percentage of harvestable size could be related to density. 

The fastest growth was obtained at densities of 10 or 20 

fish/m3
• Overall, the density of 20 fish/ 3 showed the 

highest level of marketable production. 

Increasing the densities above 20 fish/m3 resulted in 

sharp decreases in average length, weight, net growth in 

length, net growth in weight, daily growth in length, daily 

growth in weight, percentage of harvestable sized fish, and 

increases in feed conversion ratios. Decreasing growth rates 

with increasing fish number may occur because tilapia become 

less aggressive in their feeding behavior under conditions 

of low water quality. I observed a visible decrease in 

feeding aggressiveness at densities above 30 fish/m3 when 

the dissolved oxygen levels were low and the ammonia 

concentration was above 5 mg/L. This phenomenon has 

previously been reported (Collins and Delmendo 1976, Boyd 

1990; Tucker and Robinson 1990). 

Pulsed flow systems appear to be more similar in 

carrying capacity to fish ponds than to CFC's. My study 

indicated that it was possible to produce 2.8-3.0 kg of 

fish/m3 with 87 percent harvestability in a 4 month growing 

period in a PFC's. It is possible to produce 0.25-0.75 kg 

of fish/m3 with 30-50 percent harvestability in a pond 

without aeration in a year (Pillay 1990). 
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The feasibility of culturing fish in PFC's is directly 

related to their economic performance. According to the 

following budget (20 fish/m3
) each 100-meter ditch section 

could generate $431.50. 

Production Expenses 

Red tilapia fingerlings, 2000 @ $0.20/fish 

Transportation of fingerlings, 80 miles 

@ $0.20/mi 

Fish feed, 595 kg @ $0.42/kg* 

Screen**, 2 @ each $33.00 amortized over 5 

year period 

Misc. equipment, license, screen maintenance 

$400.00 

$16.00 

$249.90 

$13.20 

$10.00 

$689.1 

Interest 15% of the total cost for 4 months $34.45 

Gross Production 330 kg of fish/100 m of ditch, 

(based on average of 0.19 kg/fish) 

Total Cost per 100 m ditch*** $723.55 

cost per kg of fish $2.08 

Gross value and return per 100 m of ditch 

Wholesale value of fish @ $2.50/kg**** $825.00 



Net return (wholesale) per 100 m ditch 

Retail value of fish @ $ 3.50/kg 

Net return (retail) per 100 m ditch 

$101.45 

$1,155.00 

$431.45 

*Based on an estimated feed conversion of 1:1.80 and 87 

percent survival. 

62 

**Includes, cost of buying angle iron (2.34 cm x 2.34 cm x 

.47 cm) cutting it into appropriate lengths, welding 

trapezoidal frame (247.65 cm x 152.4 cm x 60.96 cm x 152.4 

cm) ($18.00); buying and cutting 160 cm plastic screen 

($11.00); cost of 25 electrical security plastic loops for 

fixing screen to the frame ($2.00); and assembly ($2.00). 

***Does not include cost of labor to feed the fish. 

**** Wholesale value of tilapia can be as high as $3.20/kg. 

In this case, the net (wholesale) return per 100 ditch would 

be $332.45. 
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Farmers would have many 100-meter sections available 

for fish culture on each farm. Therefore, they could adjust 

the area dedicated to fish culture based on crop needs and 

labor associated with feeding. Extrapolating my data to a 

12-month culture period and to a ditch 1 kilometer in 

length, gives an estimated yield of about 7,000 kg of fish. 

A yield of this magnitude could give a net return of up to 

$4,315.50jyear. Although these figures do not represent a 

rigorous economic analysis, they do show the potential for 

using PFC's in the integration of aquaculture and 

agriculture. 

A 1.5-ha pond with a yield of 4500 kgjha (average yield 

of catfish ponds according to Tucker and Robinson 1990) 

would be required to equal the production a 1000-m section 

of ditch. In developing countries, where productivity is 

lower, 3.5 ha or more of static water would be required to 

equal this production (Pillay 1990; Odilon J. Araujo, Sao 

Francisco Valley Development Company-CODEVASF, personal 

communication 1992). Therefore, the potential for fish 

production in ditches is very large. 

Two factors not related to density were important in 

this study, predation and control of reproduction. The 

mortality associated with the coyote attack was limited in 

duration but was not entirely the direct result of 

predation. Fish appeared to die from the stress of trying 



to avoid the predator in the screened sections. Predation 

attempts by coyotes occurred at night, when DO levels were 

low and ammonia concentrations were high. Predation might 

not be a significant factor in a PFC's of commercial size; 

the ability of coyotes to capture fish would probably be 

reduced in longer ditch sections. 

Reproduction must be controlled to raise marketable 

size tilapia. If it is not controlled, fish use a great 

deal of energy for the production of young rather than 

growth. Hybridization, sex-reversal techniques, manual 

sexing, and cage culture are currently used to control 

reproduction (Pillay 1990, Brooks 1991, Suresh and Lin 

1992a). However, each of these methods has limitations. 
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I observed that 1 to 5 percent of the fish sampled had 

eggs in their mouths (mouth-breeding). However, no fry or 

fingerlings were observed in any of the treatments. Lack of 

survival may result from the low water quality conditions in 

the ditches. Fish eggs are highly susceptible to moderate 

or even low ammonia concentrations (Boyd 1990). The absence 

of fry, may also be the result of the pulsed flow. Eggs or 

fry could have been washed away when water was flushed 

through the system. 

Dissolved oxygen and high ammonia-nitrogen 

concentrations appear to be the factors controlling the 

carrying capacity of pulsed flow culture systems but 
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synergistic effects with other toxic sUbstances must also be 

considered (Meade 1985). 

Dissolved oxygen is one of the most important water 

quality parameters in aquaculture (Boyd 1990). In pulsed 

flow systems, its importance is increased because 

periodically there are high densities of fish in relatively 

low volumes of standing water. Under these conditions 

organic wastes can build up quickly and cause low water 

quality. 

Poor growth, mortality, and disease are among the 

problems that can result from oxygen depletion (Tucker and 

Robinson 1990). The most important sources of DO in 

standing waters are diffusion (transfer from air) and 

photosynthesis (production from plants and algae). In 

pulsed flow systems there is little photosynthesis. 

Ammonia-nitrogen levels are another important 

constraint in high density fish culture (EIFA commission 

1973; Robinette 1976; Boyd and Lichtkoopler 1979). Ammonia 

is primarily produced by the decomposition of nitrogenous 

waste products from the cultured species; 60 to 90 percent 

of the waste nitrogen excreted by teleost fish is in the 

form of ammonia (Waarde 1983). Ammonia is also produced by 

the decomposition of feces and uneaten feed (Lovell 1989). 

In high density culture, ammonia levels are closely 

associated with feeding rate (Westers 1981). One kilogram 
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of tilapia fed a 32 percent protein feed produces about 600 

mg of ammonia per day (Boyd 1990). 

It is commonly assumed that only un-ionized ammonia NH3 

is harmful to fish and crustaceans but recent studies (Boyd 

1990) have suggested that both ammonia (NH3) and ammonium 

(NH4+) are toxic. Toxicity, for most species, occurs at 

levels below those encountered in my study. Robinete (1976) 

reported that channel catfish exposed to 0.12 mg/L of 

ammonia-nitrogen for 27 days suffered severe gill 

hyperplasia (leading to suffocation) and weight loss. 

Burrows (1964) reported that chinook salmon, Oncorhynchus 

tshawytscha showed severe hyperplasia of gill epithelium 

after exposure for 6 weeks of 0.006 mg/L of NH3. Rufier et 

ale (1981) stated that the 96-hr LC50 ammonia concentration 

for channel catfish was 1.5 to 3.1 mg/L. Merkens and 

Downing (1957) reported that ammonia was more toxic when 

oxygen concentrations were low. 

The significant difference (Table 7) in dissolved 

oxygen and ammonia levels among densities indicates that 

these factors can vary even over 25-m sections of ditch. 

Fish often concentrated close to the screen separating them 

from a lower density treatment. This behavior may result 

from the differences in water quality between densities. 

salinity was relatively high in these systems but 



67 

tilapia continued to grow well. Previous work has shown 

that red tilapia can tolerate high salinities; tilapia grow 

well up to salinity levels of 37 ppt (Clark et ale 1990; 

Watanabe et ale 1990). 



4- MULTIPLE USE OF WATER: INTEGRATION OF FISH CULTURE 

AND PRODUCTION OF ORNAMENTAL TREES 

4.1 INTRODUCTION 
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Irrigated crops use enormous quantities of water. A 

corn crop that yields from 6,000 to 6,500 kg of grain/ha may 

consume and transpire about 4.2 billion liters of water 

during the growing season. The production of 1 kg of fiber 

of irrigated cotton requires about 1,700 liters of water. 

The production of 1 kg of irrigated rice requires 4,700 

liters of water, and 1 kg of grain-fed meats requires the 

use of 4,200 to 8,300 liters of water (Riley et ale 1992). 

Aquaculture facilities also use large amounts of water. In 

the southeastern U.S, during the hot months, a I-hectare 

pond may lose up to 1,270,000 liters of water/day by 

evaporation (Boyd 1990). The high water demand of both 

aquaculture and agriculture make the integration of these 

two activities extremely important in arid areas. 

Initiating aquaculture in existing irrigation 

structures may improve the cost benefit ratio of both 

agriculture and aquaculture. The income generated from the 

sale of the fish can help to offset the costs of obtaining 

water. Raising fish in irrigation waters may also decrease 

the need to purchase commercial fertilizers for the field 

crop. Irrigating with water that has been previously used 
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to raise fish may provide sUbstantial amounts of nutrients 

(metabolic by-products of fish production) to the crops. 

Data indicate that using water froIn fish on vegetables, 

rice, and mulberry may eliminate the need for commercial 

fertilizers (Zhong 1980; Odilon J. Araujo, Sao Francisco 

Valley Development Company-CoDEVASF, personal communication 

1992). The ease with which fish culture can be integrated 

with agronomic crop production depends on the frequency with 

which the agronomic crop requires water. Integration is 

easier if the agronomic crop requires frequent irrigation; 

the use of ditches which contain a constant supply of 

flowing waters for aquaculture is relatively simple 

(Budhabhatti and Maughan 1992). 

The production of plants for landscaping is becoming an 

important activity in many parts of the world. Many of 

these plants do best with daily irrigation. It is projected 

that the demand for plants for landscaping will increase as 

urban populations increase (Crockett 1978). 

Mesquite trees (Prosopis ~) have been extensively used 

for gardens and landscaping in desert areas (Jones 1981). 

They can grow in poor dry alkaline soil and may reach up to 

9 m in height in 5 years. The life cycle of these desert 

trees has three distinct stages: seed germination and 

seedling development, juvenile plant, and mature plant. 

The first stage takes about 10 days and corresponds to the 
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period from germination to development of the first true 

leaf. The second stage may last 2 to 3 years in natural 

conditions. It corresponds to the period from development 

to the production of mature, woody xylem. Mesquite reach the 

third stage (mature, woody xylem) in about 3 years. A 

mature plant is normally a single-stemmed tree or a 

multiple-stemmed shrub. In commercial nurseries, with daily 

irrigation and proper fertilization, mature plants may be 

produced in about 12 months (Hass et al. 1974; Crockett 

1978). 

At first glance, using water from fish culture systems 

to produce desert adapted mesquite trees appears to make 

little sense. People in desert areas prefer mesquite as an 

ornamental because it takes little care and water. However, 

growth of these plants in a commercial nursery is slow and 

it may take more than a year to produce a marketable size 

tree. If marketable trees could be produced in a shorter 

time using water from fish culture than using normal 

irrigation practices, then the use of an integrated 

aquaculture-agriculture system might be justified. 

This paper reports the results of using water from 

the culture of red tilapia (hybrid Oreochromis mossambicus X 

~ urolepis hornorum) to produce mesquite trees (Prosopis 

granulosa) for sale to the landscaping industry. 
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4.2 METHODOLOGY 

I cultured red tilapia in pulsed flow culture systems. 

water leaving these systems was then applied to mesquite 

trees. 

In March 14-15, 180 mesquite trees were planted in part 

of a 4500-m2 irrigated field. The row spacing was 1.5 m x 

2.0 m aligned in a W-E furrow. The field was previously 

used to raise cotton. At planting, the initial average 

plant height was 15.1 cm and stem base area was 1.1 cm2 • 

The plants were acquired from a local nursery. 

Water from the ditch sections stocked with red tilapia 

irrigated 150 plants. The plants were considered an 

experimental plot with 150 elements. Thirty-five plants 

received water directly from a well and served as controls. 

Soil analysis indicated that there was no need for an 

initial application of nitrate fertilizers to either plot. 

The 150 experimental trees were irrigated either from a 

100-m3 ditch stocked with red tilapia or from a 25-m3 ditch 

stocked with five different densities of red tilapia. The 

methods of fish culture and data on fish production have 

been reported in previous chapters. 

From March 15 to May 6 the 150 trees received water for 

15 to 30 minutes each day from the 100-m3 ditch section. 

From May 7 to August 28 they received water from the 25-m3 



ditch. The 35 control trees received water 15-30 minutes 

each day directly from a well. 

The ditches were located at Desert Gold international 

Farm in Hyder Valley, Dateland, Arizona and were dependent 

upon a well for water input. 
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On August 28 I measured the heights (from the base of 

the stem to the end of largest pinna) and stem base area (at 

5 em above the soil surface) of each tree. At the end of 

the experiment these trees were used for landscaping. Mean 

plant height and stem base area (Z-test using unequal sample 

size) for trees irrigated with well water were compared with 

those for trees irrigated with water from the fish culture 

area. 

water quality was analyzed at the well outlet, at the 

ditch outlets from the fish culture area, and after the 

water had passed the trees. Analysis of variance for 

factorial experiments was performed on water quality 

parameters at these three sample points (Gomez and Gomez 

1984) • 

The following water quality parameters were measured 

once or twice a week: temperature, total dissolved solids, 

conductivity, pH, and total ammonia-nitrogen. Total 

ammonia, temperature, conductivity, total dissolved solids, 

and pH were measured with a DREL/1c portable lab (Hach Co., 

Loveland, CO), 



The amount of ammonia excreted by the fish was 

estimated based on the percentage protein in the feed and 

the net protein utilization as suggested by Boyd (1990). 

4.3 RESULTS 
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There was a significant difference among the growth 

(height and stem base area) of mesquite trees irrigated with 

well water and those irrigated with water used to raise red 

tilapia. The average height and stem base area of trees 

irrigated with water from the fish culture system was 112.8 

em and 30.6 cm2 , respectively. The average height and stem 

base diameter for trees irrigated with well water was 70.4 

em and 13.4 cm2 , respectively. 

At the end of the experiment, the trees irrigated with 

water from the fish culture ditch were classified as old 

juvenile or young mature plants. The trees irrigated with 

well water were classified as young juvenile plants (Hass et 

al. 1974). 

There were no significant differences in temperature 

and pH among the three sample locations. However, ammonia

nitrogen, dissolved solids, and conductivity concentrations 

showed significant differences (Table 8; Figure 18) among 

the three locations. Means of temperature, pH, ammonia-



TABLE 8. Differences in temperature (Temp), ?H, ammonia·nitrogen (AN),total dissolved solids 
(TDS), and conductivity (Conduct) at three sample points (outlet from well, outlet 
from fish culture ditch, entrance to broodstock ponds). 

Source of 
Variation 

TREATMENT 

Sa~le Point 

pH 

F P F P 

F significance 

AN 
(mg/l) 

F P 

TDS 
(ppm) 

F P 

Conduct 
(umos/cm) 

F P 

0.09 >0.05 0.66 >0.05 93.4 <0.01 15.2 <0.01 14.87 <0.01 
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nitrogen, total dissolved solids, and conductivity at the 

three measurement locations are shown in Table 9. 

76 

The amount of ammonia excreted by fish was estimated to 

be 30.72 g Nlkg feed. From March 15 to August 28 fish 

produced 13.8 kg N or an average of 87.9 g Niday. 

4.4 DISCUSSION 

Fish culture is integrated with many types of 

agriculture and animal farming in developing countries. 

Rice, vegetables, mulberry, beans, maize, cotton, ducks, 

swine, and silkworm are often raised in combination with 

fish (Tapiador et ale 1977, Zhong 1980, D'Silva 1981, Sarig 

1984, Pillay 1990). 

The results I obtained show that it is possible to use 

the same water to produce crops of red tilapia and mesquite 

trees in 6 months. It would require 1 year or more for 

trees to reach the same stage in a commercial nursery. 

Thus, using water from fish culture to raise mesquite may 

represent an opportunity for farmers to increase their cash 

flow. In a region where year-round growth is feasible, it 

might be possible to obtain two crops of fish and trees each 

year. If the trees are grown on farm land, vegetables could 

also be grown between the tree rows. It might also be 

feasible to culture ornamental trees on marginal lands 

without interfering with other 



TABLE 9. Means of temperature (Temp), pH, ammonia-nitrogen (AN),total dissolved solids 
(TDS), and conductivity (Conduct) at three sample points (outlet from well, 
outlet from fish culture ditch, entrance to broodstock ponds). 

Sampl ing 
Point T~ pH AN TDS Conduct 

(oC) (mg/l) (ppm) (umos/cm) 

Weel 26.8 a 7.4 a 0.2 a 6461.5 a 13.1 a 

Ditch 26.9 a 7.3 a 2.74 b 6423.6 a 12.9 a 

Entrance b.p. 27.1 a 7.4 a 2.03 c 6034.1 b 12.2 b 

- Means followed by the same letter do not differ significantly (Duncan's test at 5X 
probability level). 
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irrigated crops. 

Despite the fact that soil analysis showed that the 

land did not require initial fertilization, the nitrogen and 

other nutrients excreted by fish or made available by 

microbiological degradation were probably readily absorbed 

by the mesquite roots. The uptake of nitrogen by desert 

plants such as mesquite is normally regulated by the 

available concentrations of ammonium (NH4+) and nitrate. 

since nitrogen concentrations are usually low under desert 

conditions, the roots of trees like mesquite are very 

efficient in the uptake of ammonium (Hass et ale 1974; 

Wallace et ale 1978). 

From 60 to 90 percent of nitrogen by-products generated 

by fish are in the form of nitrogen-ammonia (NH3 and NH4+) 

(Waarde 1983). In fish culture, nitrogen-ammonia production 

is closely associated with feeding rate (Westers 1981). I 

estimated that each kilogram of the 32-percent protein 

ration fed to red tilapia resulted in the production about 

30 g of ammonia-nitrogen (Boyd 1990). 

There was a considerable reduction in the amount of 

ni trogen products at the end of the furrow. Volatilizatiori"-·

may be responsible for some losses during irrigation 

operation (Klubek et ale 1978) but the stimulation of the 

growth of trees indicated uptake by the tree roots. 
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The significant differences in growth of the tree in 

the two plots may be explained by the ready supply of 

nutrients made available by the periodic irrigation with 

water from the fish culture facility. On other crops where 

fertilizers are responsible for up to 40 percent of the 

direct crop costs, this source of nitrogen might be 

extremely desirable. Daily application of natural 

fertilizers might cause more rapid plant growth than the 

traditional approach of batch fertilization. 

The fertilizer effect demonstrated by this experiment 

on mesquite is important in developing countries. In 

developing countries few farmers can afford fertilizer for 

traditional crops such as maize or rice (Tan and Khoo 1980; 

Riley et al. 1992; winterbottom 1992). Integration of 

agriculture with fish culture would be one way to obtain the 

necessary fertilizer. The results obtained in this study 

may also be important for farmers in arid areas in the U.S. 

In these areas, many farmer need to generate additional cash 

flow in order to stay in operation. Eliminating or reducing 

fertilizer costs is equivalent to obtaining more cash for 

the same crop. 

Below is an estimated budget for producing 150 

mesquite trees with water from fish culture. 



Production Expenses 

Young mesquite trees, 150 @ $0.70/tree 

Transportation of trees, 40 miles @ $0.20 

Soil preparation and planting 

(2 days x 2 workers) @ $ 36.00 

Plant care, weed control 

$105.00 

$8.00 

$144.00 

$230.00 

Pumping water (15-30 minutes/day @ $1.30/hr) $117.00 

Misc. equipment, maintenance, packaging 

$125.00 

Interest 15% of the total cost for 6 months 

Total Cost per 150 trees* 

cost to produce one old juvenile tree 

Gross value and return per 150 trees 

Wholesale value of trees @ $5.50/tree** 

Net return (wholesale) per 150 trees 

Retail value of trees @ $8.50/tree*** 

Net return (retail) per 150 trees 

$729.00 

$54.67 

$783.67 

$5.22 

$825.00 

$41.33 

$1,275.00 

$491.33 

*Does not include the cost of leasing land, taxes, and 
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mechanical equipment. 

**Wholesale value of old juvenile mesquite trees can be as 

high as $8.00/tree. In this case, the net (wholesale) return 

per 150 trees would be $416.33. 

***Retail value of old juvenile mesquite trees can be as 

high as $12.50jtree. In this case, the net (retail) return 

per 150 trees would be $1091.33. 

Although these dollar figures do not represent a 

rigorous economic analysis, they do show the potential for 

using water for integration of aquaculture and agriculture. 
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5- AN EVALUATION OF THE APPLICABILITY Of SANTOS' EQUATIONS 

OF LENGTH AND WEIGHT FOR THE CULTURE OF RED TILAPIA IN 

PULSED FLOW IRRIGATION SYSTEMS 

1. INTRODUCTION 

There has been no application of the principles 

developed in population dynamics to fish culture in pulsed 

flow systems. Santos (1978) used Bertalanffy's (1938), 

Walford's (1946), Weatherley's (1966, 1972), and cushing's 

(1970) equations to develop procedures that allowed 

development of equations of the growth in length and in 

weight of species with asymptotic growth in intensive 

aquaculture. Variables for these models have also been 

defined for free ranging fish in ponds in Latin America 

(Borges 1979; Verani 1980, Rocha et al. 1981) and cage 

culture in temperate conditions (D'Silva 1983), but have 

never been related to pulsed flow culture systems. 

Santos' equations may be useful in planning aquaculture 

farming systems (D'silva and Maughan 1992). They may allow 

the farmer to simulate condition factor and food conversion 

ratios, to estimate growth in length and weight, to 

determine the best harvest time, to maximize production, and 

to minimize time and costs. 
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2. METHODOLOGY 

Three 25-m3 ditch sections were each subdivided into 

five sUbsections. Each section was considered a block with 

five treatments (densities). Each sUbsection was randomly 

assigned one of the following densities of red tilapia: 70; 

50; 30; 20; and 10 fish/m3 • The ditches were located at 

Desert Gold AquaFarm in Hyder Valley, Dateland, Arizona. 

The design for the fish culture system has been 

described in chapter #3. 

Population Dynamics Estimates 

Estimates of the following population parameters were 

developed from the experimental data using linear 

regression: Lmax (maximum total length), K (rate at which 

length reaches the asymptote), TE (time factor correction 

for the mean total length of the fish at stocking), n 

(weight/length constant), Koo (condition factor). 

Estimation of these values allowed development of a growth 

curve in length and weight. 

Total Weight/Total Length and Condition Factor Relationships 

I developed the relationship between mean total fish 

weight (~), mean total length (~); and condition factor 

(Koo) for each treatment over time into mathematical 

expressions that predicted one factor given values for the 

others. 
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The mathematical expression relating Wtf K(k)' and Lt" 

was: WI = K(k) . Lt
n 

( 1) 

Logarithmic transformation of this equation yields: 

ln~ = InK + n . ln~ (2) 

I predicted K(k) and n values at each time interval by 

linear regression. Curves were developed to estimate nand 

to relate the natural logarithms of mean total weight (InWt ) 

and mean total length (InLt ) to the actual values of mean 

total weight (~) and the mean total length (~). 

K*(k) (corrected condition factor) for each sampling 

period was estimated from the equation 

K*(k) = Wt / Lt (3) 

I then estimated the mean condition factor (Km) for the 

total period of culture by using the equation: 

summation of K*(k)(from i=l to n) / n (4) 

Length Growth Model 

Bertalanffy's (1938) equation can predict the growth 

of a population from any measure of the relationship of 

length with age. This equation is: 

Ll = Lmax [1 - e-K(I+IO)] (5 ) 

where t = time t. 

to = The age of the individuals at birth. 

santos (1978) adapted this equation to intensive 

culture, with the following formula: 
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LT = Lmax [1 - e-K(f + TE)] ( 6) 

where LT = Mean total length of the fish at the end of 

the culture time T. 

T = Period of culture. 

TE age of the individual at stocking time. 

Weight Growth Model 

The growth model in weight as adapted to intensive fish 

culture by santos (1978) is 

= Wmax [1 - e-K(T + TE) ] n (7) 

where Wmax Maximum total weight that the fish 

normally reaches under intensive conditions. I developed 

the theoretical growth equation in weight from my empirical 

data. 

3 - RESULTS 

In all treatments, the total weight/total length 

relationship of red tilapia closely followed equation (1). 

The constants of this equation were estimated by linear 

regression from the logarithmic transformation of the 

observed data (~ and ~). Table 10 shows the total 

weight/total length relationships for the five densities of 

red tilapia. 

The estjmated values of n ranged from 3.04 to 3.20. 



TABLE 10. Weight (g) / length (mm) relationship for tilapia 
at each density. [K(k) (g/mm)]. 

DENSITY 

10 Wt = 

20 W
t = 

30 Wt = 

50 Wt = 

70 Wt = 

Wt K(k) 

8.249x10-6 

8.654x10-6 

17.49x10·6 

9.766x10-6 

7.791x10-6 . 

L n 
t 

L 3.1845 
t 

L 3.1751 
t 

L 3.0438 
t 

L 3.1603 
t 

L 3.2059 
t 

OJ 
0'1 



87 

The estimated average value of n was 3.151. This value was 

entered into the original equation to produce "corrected" 

monthly condition factors (K*~» for each group of fish 

within each treatment at each sampling period (Table 11). 

At densities of 20 fish/m3 the K*~) factors decreased 

immediately after stocking. This decrease continued until 

the third month. At this point the condition factors began 

an increase that continued until harvesting. 

At densities 10, 30, 50, and 70 fish/m3 the K*oo factor 

increased immediately after stocking. This trend was 

reversed in the last one or two months of the experiment 

(Table 11). 

Length Growth Model 

The FORD-WALFORD linear transformation (Walford 1946) 

of the data followed the relationship predicted by Santos' 

models (1978). Predicated and empirical (observed) lengths 

showed good agreement (Table 12 and 13). 

Although there was some variation in the data, the 

greatest length was predicted and observed in the density of 

10 fish/m3 (Table 14; Figures 19 to 23) . 

Weight Growth Model 

There was good agreement between empirical and 

predicted values of growth in weight (Tables 15 and 16). 

The estimated Wmax ranged from 341.00 g to 704.50 g. The 



TABLE 11. Corrected montly condition factor K*(k) (g/mm) for red tilapia assuming n = 3.151. 

DENSITY IMONTH 10 20 30 

0 9.863 x10-6 9.935 x10-6 9.949 x10-6 

8.978 x10-6 9.743 x10-6 11. 13 x10-6 

2 10.04 x10-6 9.295 x10-6 9.985 x10-6 

3 9.179 x10-6 9.552 x10-6 10.01 x10-6 

4 10.04 x10-6 10.04 x10-6 9.847 x10-6 

50 

10.01 x10-6 

10.01 x10-6 

11.11 x10-5 

9.852 x10-6 

10.01 x10-6 

70 

9.569 x10-6 

10.05 x10-6 

11.21 x10-6 

9.856 x10-6 

10.08 x10-6 

00 
00 



TABLE 12. Total length (mm) (empirical and calculated) over time and density. 

DENSITY/MONTH 10 20 30 

EHP CAL 
(R2=0.93) 

EHP
2 

CAL 
(R =0.98) 

EHP CAL 
(R2=0.98) 

o 115.9 110.5 113.9 110.8 115.5 112.9 

139.35 139.9 141.7 137.81 133.0 136.3 

2 150.02 163.3 160.2 160.57 154.9 156.4 

3 191.00 184.1 186.4 179.76 177.2 173.5 

4 202.2 202.1 199.7 195.93 186.8 1B8.0 

50 

EHP CAL 
(R2=0.98) 

114.7 111.5 

126.7 128.3 

143.5 143.4 

159.4 155.8 

167.1 167.1 

70 

EMP CAL 
(R2=0.97) 

116.1 117.7 

128.3 133.7 

141.5 147.7 

158.3 160.1 

165.1 171.1 

0:> 
\D 
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TABlE 13. Iterative (nn:bn) c:arparisa-s of stpirical (84') Ird calculated (CAL) lergths (mn) at each density. 

DENS ITY IMONTH 10 

o 

2 

3 

4 

E~ CAL 
(R =0.95) 

115.6 110.5 

143.9 139.9 

156.5 163.3 

192.7 184.1 

198.7 202.1 

20 

EH~ CAL 
(R =0.96) 

115.9 110.8 

147.2 137.81 

156.0 160.57 

185.2 179.76 

200.5 195.93 

30 

EHP
2 

CAL 
(R =0.96) 

112.8 112.9 

145.5 136.3 

157.4 156.4 

183.6 173.5 

188.2 188.0 

50 

EHP CAL 
(R2=O.97) 

117.7 111.5 

126.9 128.3 

144.4 143.4 

157.2 155.8 

161.1 167.1 

70 

EHP 2 CAL 
(R =0.89) 

120.5 117.7 

123.9 133.7 

150.9 147.7 

161.8 160.1 

164.5 171.1 



TABLE 14. Equations for the total growth in length - Lt (mm) and weight - ~t (g) of red tilapia at each density. 

DENSITY 

10 

20 

30 

50 

70 

L
t 

= Lmax [1 - e -kn + TE)] 

L
t 

= 307.7 [1 - e- 0•156(T + 2.85)] 

L
t 

= 282.6 [1 - e-0•171 (T + 2.91)1 

L
t 

= 272.7 [1 - e-0. 159(T + 3.36)] 

L
t 

= 244.6 [1 - e-0•135 (T + 4.51)] 

L
t 

= 253.1 [1 - e-0. 125 (T + 5.01)] 

~t 

~ 

~ 

~t 

~t 

~ 

Wmax [1 - e-k(T + TE»)" 

704.5 [1 _ e-0•156(T + 2.85)]3.1~ 

564.3 [1 - e-0•171 (T + 2.91)]3.15 

453.5 [1 _ e-0•159(T + 3.36)1 3•15 

345.3 [1 _ e-0•135(T + 4.51)]3.15 

345.3 [1 _ e-0•125 (T + 5.01)]3.15 

U) 

..... 



TABLE 15. Total weight (g) (empirical and calculated) over time and density. 

DENS ITY IMONTH 

o 

2 

3 

4 

10 

EMP2 CAL 
(R =0.97> 

31.5 27.9 

56.9 57.5 

74.9 95.7 

141.4 139.9 

191.3 187.2 

20 

EMP CAL 
(R2=0.98) 

30.1 29.5 

58.6 58.7 

82.2 95.1 

136.6 135.6 

183.8 178.2 

30 

EMP CAL 
(R2=0.98) 

31.4 28.2 

55.8 51.1 

79.5 78.7 

122.1 109.1 

141.5 140.7 

50 

EMP CAL 
(R2=0.98) 

31.1 29.1 

42.6 45.3 

69.2 63.7 

85.3 83.5 

103.2.1 103.9 

70 

EMP CAL 
(R2=0.97> 

30.7 

45.9 

67.1 

84.0 

98.2 

30.7 

45.7 

62.6 

80.6 

99.3 

\0 
N 



TABLE 16. Iterative (random) comparisons of empirical (EHP) and calculated (CAL) weights (g) at each density. 

DENSITY IMONTH 

o 

2 

3 

4 

10 

EHP
2 

CAL 
(R =0.97) 

31.5 27.9 

56.4 57.5 

76.5 95.7 

140.3 139.9 

185.4 187.2 

20 

EHP 2 CAL 
(R =0.97> 

32.9 

62.5 

81.7 

29.5 

58.7 

95.1 

130.2 135.6 

188.4 178.2 

30 

EHP2 CAL 
(R =0.94) 

29.7 

64.0 

83.6 

28.2 

51.1 

78.7 

173.5 109.1 

188.1 140.7 

50 

EHP CAL 
(R2=0.96) 

32.7 

42.8 

71.4 

84.2 

96.8 

29.1 

45.3 

63.7 

83.5 

103.9 

70 

EHP CAL 
(R2=0.92) 

35.8 

41.3 

73.6 

91.1 

98.1 

30.7 

45.7 

62.6 

80.6 

99.3 

-------------------------------------------------------------.----------------------------------------

\0 
W 
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largest Wmax values occurred in the density of 10 fish/m3 

(Table 14; Figures 24 to 28). 
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Both calculated length and weight were tested against 

randomly selected empirical data from this experiment. The 

predicated and empirical length and weight showed good 

agreement (Table 12, 16). 

4-DISCUSSION 

Many factors such as food supply, temperature, and 

space affect fish growth (Weatherley 1972; Weatherley and 

Gill 1987). In addition, fish reared under different 

conditions can have different growth patterns (Williams 

1982). Therefore, the constants I defined are not absolute, 

but they do constitute attributes that can be tested by 

other researchers. This is a first attempt to estimate 

constants for growth models in length and weight for red 

tilapia raised in pulsed flow culture systems, using santos' 

model. 

Total Weight/Length Relationship 

In this study n varied slightly from 3. This 

variation was probably related to the characteristics of the 

species, different feeding strategies adopted, or slightly 

different environmental conditions between densities. There 

was close agreement between the 
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predicted and the calculated n values. 

Densities of 10, 30, 50, and 70 fish/m3 showed a 

pattern of condition factors over time similar to those 

cited by Verani (1980) for intensive culture of Sarotherodon 

niloticus. Verani (1980) showed a crescent trend in 

condition factor after the first 2 months of culture. At a 

density of 20 fish/m3 the condition factor initially 

decreased but then increased. The value at harvest was 

larger than that in the second month. These differences 

could be attributed to different feeding patterns (D'Silva 

and Maughan 1992). 

Length Growth Model 

In general, the predicted mean total length values were 

in good agreement with the empirical values (Table 12). The 

same agreement was observed when random empirical lengths 

were tested against predicted data (Table 14). However, the 

computed Lmax had no relationship with the actual fish 

lengths observed. In open water conditions, Lmax has been 

shown to vary directly with maximum length reached during 

culture, species ratio, and predator-prey ratio (Costa and 

Rocha 1978; Pauly 1978; Borges 1979; Verani 1980). 

The differences between my findings and those of other 

workers can be attributed to the conditions inherent to the 

pulsed flow culture system, the short growing season (5-6 
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months in Arizona), or differences between tropical and 

temperate growing patterns (Weatherley and Gill 1987). 

However, additional studies should be conducted to 

investigate growth patterns of fish in pulsed flow systems 

in temperate regions. 

Lmax and K have not previously been determined for red 

tilapia in a pulsed flow culture system. Several reports 

have suggested that Lmax is affected by factors such as food 

supply and density (Beverton and Holt 1957; cushing 1970; 

Weather ley 1972), while K is genetically or physiologically 

determined. It is known that there is a numerical 

interaction between these two factors, but no specific 

evaluation of this interaction has been made. Therefore, 

additional studies are needed to determine how Lmax and K 

vary under different pulsed flow conditions. 

weight Growth Model 

The predicted mean total weight showed good agreement 

with the empirical values (Table 16). The same agreement 

was observed when random empirical weights were tested 

against predicted data (Table 16). Predicted Wmax values 

had no relationship with the empirical weight data. This 

statement is true although, the theoretical growth model 

precisely followed the empirical points, and the maximum 

predicted weight was directly correlated with the maximum 

weight attained. Since these analyses have not been 
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previously performed for pulsed flow systems, more data are 

necessary to verify the results of this experiment. 

5 - CONCLUSIONS 

The determination of the growth model in weight is 

extremely important in intensive aquaculture, because the 

growth model estimates theoretical values of total mean 

weight (WT ) at any time during the culture cycle (T). In 

addition, given the growth model in weight, growth of fish 

can be predicted under different densities, types of 

rations, feeding rates, species ratios, and species growth. 

Time needed to obtain optimal fish weights can also be 

predicted (Santos 1978; Verani 1980; Weatherley and Gill 

1987) . 

Santos' equat.ions tested in this experiment and the 

information developed here should be applied to different 

conditions, areas, and countries in order to develop 

comparisons. When enough information has been obtained, it 

can be used to provide fish farmers with a predictive tool 

for economic planning and management. 
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