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ABSTRACT

Diana, J.S., Lin, C.K. and Schneeberger, P.J., 1991. Relationships among nutrient inputs, water nu-
trient concentrations, primary production, and yield of Oreachromis niloticus in ponds. Aquacul-
ture, 92: 323-341.

Experiments were run to assess the physical, chemical, and biological processes leading to increased
production of fertilized fish ponds in Thailand for approximately 5 months during wet season 1984
and wet and dry seasons 1985. Eight or 12 ponds (250 m?) were stocked with male Nile tilapia at |
fish/m?3. Ponds received fertilizer according to three different schemes: (1) low input inorganic (0.27
kg triple superphosphate, equalling 0.12 kg Pha—! d—!); (2) high input organic (71.4 dry kg chicken
manure ha=' d='); and (3) high input inorganic (14.3 kg triple superphosphate ha~' d~' and 4.3 kg
urea ha—! d—!'). Treatments 2 and 3 yielded identical loadings of 2 kg N ha~' d~'and 3.2 kg P ha~'
a-.

Ponds receiving high fertilizer inputs had higher nutrient concentrations in water, higher primary
production, and higher fish production than ponds treated with low fertilizer inputs. At high fertilizer
inputs, chlorophyll a content and primary production were similar for all ponds, but fish growth and
adult yield were significantly greater in organically rather than inorganically fertilized ponds. This
was attributed to increased heterotrophy by fish in ponds treated with organic fertilizer. Regression
analysis indicated only marginally predictive relationships between total inorganic nitrogen or total
phosphorus concentration in the water and primary production. Secchi disk depth was a reasonabie
predictor of both primary production and chlorophyll a (r?=0.67). Diel temperature stratification
was low, but correlated with air temperature, solar radiation, rainfall, and wind velocity. Diel oxygen
stratification was more pronounced with inorganic fertilization, probably due to greater water clarity
and more even distribution of primary production in organically fertilized ponds. Yield of stocked
fish was correlated with rainfall and primary production.

*Present address: Agriculture and Food Engineering Division, Asian Institute of Technology
Bangkok, Thailand.
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INTRODUCTION

Nile tilapia (Oreochromis niloticus) is commonly grown in ponds fertilized
to increase primary and secondary production. Fertilization of fish ponds has
been widely studied, with often conflicting results. Temperate ponds, with
low stocking densities, seem to require only phosphorus addition (Yamada,
1986). In contrast, subtropical or tropical ponds with higher stocking densi-
ties achieve higher yields with nitrogen and phosphorus addition (Boyd,
1976). Phytoplankton have a N-P weight ratio approaching 10: 1 (Goldman,
1980). The nitrogen requirement for ponds is also dependent on the amount
of nitrogen fixation by aquatic communities (Colman and Edwards, 1987,
Lin et al., 1988). Composition requirements for fertilizer may vary widely
depending on local conditions.

A similar controversy exists between the use of organic or inorganic fertil-
izers. Inorganic fertilizer has been promoted as favorable due to its lower
loading rates (due to higher nutrient contents) and lower oxygen demand
(Yamada, 1986; Colman and Edwards, 1987). However, manure has often
been demonstrated to increase fish yield beyond that expected from N and P
addition alone (Schroeder, 1978; Noriega-Curtis, 1979). Organic fertilizers
are believed to increase yield by three different processes: (1) direct con-
sumption by fish, (2) utilization by other heterotrophic organisms, and (3)
increased N and P available to phytoplankton (Tang, 1970). Only process 3
would occur in inorganically fertilized ponds. In addition, phosphates from
inorganic fertilizer application often accumulate in pond sediments and are
not available to phytoplankton (Hickling, 1962).

The purpose of this study was to examine relationships between the physi-
cal, chemical, and biological processes in ponds and fish yield under different
fertilization regimes and climatic seasons. Fertilization regimes included low
and high inputs of inorganic fertilizer, as well as a comparison of organic and
inorganic fertilizers at equivalent high input levels. Some of the results de-
scribed here have previously been presented at the Second International Sym-
posium on Tilapia in Aquaculture (Diana et al., 1988b).

MATERIALS AND METHODS

Data for this study were collected at the Ayutthaya Freshwater Fisheries
Station located at Bang Sai (14°45'N, 100°32'E), approximately 60 km
northwest of Bangkok, Thailand. Pond soil was slightly basic (pH 7.4) and
impermeable. Ponds used in the experiments were 220 m?> in volume (surface
area 250 m?) when filled to the normal water depth of 0.9 m; water was
pumped into individual ponds as necessary to maintain this depth. A narrow
walkway was constructed extending from the banks to center of each pond, so
samples and measurements could be made at a consistent location.
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Oreochromis niloticus were spawned in brood ponds, raised on site to about
25-35 g, then male fish were manually sorted and stocked at 1 fish/m?, or
220 fish/pond. Each experiment lasted 5 months corresponding with annual
wet or dry seasons.

A low nutrient input experiment was run in 12 replicate ponds during the
wet season from August through December 1984. Triple superphosphate
(TSP) was applied to each pond at a rate of 0.12 kg phosphorus ha=—' d—".
Fertilizer was applied biweekly by suspending measured amounts of TSP in a
porous bag located in the upper 25 cm of the water column. This experiment
was intended to determine pond dynamics and yield under very low manage-
ment intensity.

High nutrient input experiments were run during the dry (February-June)
and wet (August-December) seasons of 1985. In each season, four ponds
received organic fertilizer inputs in the form of locally available, layer chicken
manure (assayed at 2.8-4.5-3.1 NPK by weight) at a rate of 71.4 kg ha~'
d~'. The other four ponds were treated with inorganic fertilizers: urea (47-
0-0) was applied at 4.3 kg ha—! d~' and TSP (0-46-0) was added at a rate
of 14.3 kg ha—' d~'. Loadings of nitrogen and phosphorus were identical be-
tween the two sets of ponds at 2 kg nitrogen ha—' d—' and 3.2 kg phosphorus
ha='d~'.

Weather data (solar radiation, rainfall, and wind speed ) were gathered daily.
Solar radiation was measured in Einsteins m~2 d~' by a LiCor Solar Monitor
and a LiCor Quantum Sensor installed at the study site. Rainfall was deter-
mined from three rain gauges mounted at the pond sites. A Windscope Wind
Speed and Direction Indicator provided daily wind speed readings.

Diel fluctuations in dissolved oxygen (DO) and temperature were mea-
sured once monthly at 4-h intervals, using a Yellow Springs Instrument (YSI)
DO Meter with a Temperature Indicator. The DO meter was calibrated daily
using air calibration, and compared once per month with the Winkler method
(APHA, 1980). DO and temperature were measured at three levels in the
water column: 25 cm below the surface, mid-water, and 25 cm above the pond
bottom. Oxygen and temperature differentials at each 4-h sample were de-
fined as the difference for each variable between top and bottom values.

Secchi disk depth and chlorophyll a concentration were recorded weekly
during the 1984 wet season and the 1985 dry season, and twice-weekly during
the 1985 wet season. Visibility was calculated as the average depth at which
the Secchi disk disappeared when lowered, and the depth at which it reap-
peared when raised (Lind, 1979). Chlorophyll a was measured according to
method detailed by Wetzel and Likens (1979), using one water sample per
pond pooled from three 90-cm column samples taken at 10.00 h.

Concentrations of ammonia, nitrate, nitrite, and total phosphorus in water
were measured using standard methods (APHA, 1980) monthly during the
1984 wet season, and weekly during the wet and dry seasons of 1985. Water
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samples, taken by a PVC tube column sampler from three locations in each
pond at 10.00 h, were pooled and passed through a 25-um filter. Total am-
monia was analyzed by the phenate procedure, nitrate by the phenoldisul-
fonic procedure, and nitrate was reduced to nitrite by cadmium column. To-

al inaroanic nitragan was calculated as the sum of the three inoreanic nitrogen
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values. Unfiltered water samples were analyzed for total phosphorus using
persulfate digestion procedure (APHA, 1980).

Primary production was determined monthly for the 1984 wet season and
the 1985 dry season experiments, and weekly during the 1985 wet season.
Two light and one dark bottles were filled with mixed column water and in-
cubated horizontally 25 cm below the water surface in each pond for 3 h
(08.00-11.00 h). The value (mg C/m?) obtained during the incubation pe-
riod was used to extrapolate the total productivity over the photoperiod of
the day. The conversion factor was based on the solar radiation (Einsteins
m~2h~") integrated over the incubation period and the corresponding daily
photoperiod. Thus, this measure equates to gross primary productivity
(McConnell et al., 1977). This method suffers from inability to estimate total

watar anliinan "\"I\A 43 mmlace a valinmatrin annernash nead (Nariaoan
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Curtis, 1979). However, these values probably can be used in a comparative
fashion among ponds treated similarly.

Fish stocked initially in each pond were sexed, counted, and batch weighed.
Average weight of fish in each pond was estimated monthly by weighing fish

samples representing about 10% of the initial number stocked. At termina-

tion of experiments, all ponds were drained and fish were removed, weighed,
and counted. Monthly fish numbers were estimated by linear interpolation
from the initial and final fish numbers. Total monthly biomass of aduit
(stocked) tilapia was calculated from mean individual weight multiplied by
monthly number of fish. Offspring produced in the ponds were removed
monthly by seine, weighed, and discarded. Net yield of adults each month
(m) was calculated by subtracting biomass at month m—1 from biomass at
month m. Total net :yxmu was the sum of net adult yu:lu and total y1c1u of
offspring produced each month.

To standardize the data set, measurements made at daily, weekly, and bi-
weekly intervals were averaged to obtain one value per calendar month. Anal-
ysis of variance (ANOVA) was used to determine differences between treat-
ments (organic or inorganic fertilizer) or seasons, using an alpha level of 0.05.
High and low input experiments were not statistically compared, as the dif-
ferences noted could result from yearly climatic differences between 1984 and
1985. Between-pond differences (within a treatment ) were tested by compar-
ing the monthly values of each parameter for each pond with ANOVA. Tem-
perature differential and oxygen differential as dependent variables were
compared by step-wise regression to physical and chemical variables to deter-
mine factors influencing stratification. Predictive relationships between adult
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fish yield or primary production as dependent variables and other physical,
chemical, or biological variables were evaluated by regression. The signifi-
cance level for all tests was set at 0.05, and the program used was MIDAS
(Fox and Guire, 1976).

RESULTS

Climate

Central Thailand has a monsoon climate with wet and dry seasons (Fig. 1).
Average monthly rainfall was not significantly different each year during the
dry season (February-June; ANOVA, P<0.05), although 1985 had a higher
total rainfall in the dry season. However, for the two wet season experiments
reported here, 1984 remained dry (40.2 cm overall ), while rainfall was mod-
erate during 1985 (569.7 cm overall). Rainfall in the dry season of 1985 was
32.7 cm.

The 1985 dry season was exceptionally warm; average maximum air tem-
perature was 36.9°C and average minimum air temperature was 26.3°C.
Winds were generally calm (average 2.9 km/h). Average daily solar radiation
was 38.9 Einsteins m~2 d~'. Air temperature in wet season 1985 was much
cooler, with an average maximum of 32.6 and average minimum of 25.9°C.
Solar radiation (30.3 Einsteins m~2d~"') and wind speed (1.3 km/h) were
also lower than dry season values.
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Fig. 1. Total monthly rainfall at experimental ponds for 1984 and 1985.
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Physical and chemical parameters

Bottom water temperature varied little between ponds for a sample date,
but differed significantly between months. Average maximum monthly bot-
tom water temperature was 29.5 in September, average minimum monthly
bottom water temperature was 24.6 in December. Peak temperature stratifi-
cation was observed regularly around 14.00 h, with relatively small differen-
tials (average 1.8°C), and was not significantly different between treatments
(ANOVA, P<0.05; Fig. 2). Average weekly maximum water temperature in
dry season 1985 was 32.4°C, while it was lower (31.3°C) during the wet sea-
son. However, diel data for the two seasons showed no significant difference
in water temperature, which was probably a coincidence related to the S days
each season which were chosen for diel analyses.

There were no significant differences in total inorganic nitrogen between
ponds within a treatment (defined as a unique fertilizer type and season),
but there were differences among treatments (ANOVA, P<0.05; Fig. 3). The
high input treatments had considerably higher average nitrogen concentra-
tion (0.16 mg/1) than the low input treatment (0.05 mg/1), except immedi-
ately after flooding when low input ponds had high nitrogen levels (Fig. 3).
When high nutrient inputs were used, the organic treatment had a signifi-
cantly lower nitrogen level than the inorganic one (0.13 vs. 0.20 mg/1, AN-
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Fig. 2. Diel changes in the mean of monthly surface and bottom water temperatures for experi-

mental ponds. Wet season 1984 =Ilow input inorganic experiment; 1985 data=high input or-
ganic or inorganic experiments for each season.
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Fig. 3. Trends in mean total inorganic nitrogen in experimental ponds. Wet season 1984 =low
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levels were higher in both fertilizer treatments during the wet season. This
was especially magnified with organic fertilization (dry season=0.06 mg/l,
wet season=0.19 mg/1). Nitrate-nitrite was the predominant nitrogen in or-
ganically fertilized ponds, while ammonia predominated in inorganic

freatments.

Quaniviie

Total phosphorus in pond water was also dependent on fertilization. There
were no significant differences between ponds within each treatment. How-
ever, mean phosphorus levels were related to input (Fig. 4). Low inorganic
input ponds averaged 0.06 mg P/1, high organic input ponds 0.13 mg P/], and
high inorganic input ponds 0.84 mg P/l1. There were significant time effects
in all three treatments, although trends were not consistent. Comparing nitro-
gen and phosphorus in our samples it appears that nitrogen may have been a
limiting factor to algal production, due to its iower concentration in the water
and its higher requirement in algal cells.

Maximum oxygen concentrations were observed in mid-afternoon, with
minimum in early morning (05.30 h). Average oxygen concentrations at dawn

were about 5 mg/1 and similar for all treatments and seasons. Oxygen strati-
fication was often well developed in ponds with high nutrient input, and peak

vV QS Uitviz il GUVRAUPO 121 PO WRLIL A25A2 120220200 2375, 2285

stratification occurred at 14.00 h (Fig. 5). Average vertical oxygen dlfferen-
tial (oxygen at top minus oxygen at bottom of water column) was signifi-
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Fig. 4. Mean total phosphorus trends in experimental ponds. Wet season 1984 =Ilow input in-
organic experiment; 1985 data=high input organic or inorganic experiments for each season.
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Fig. 5. Diel changes in the mean of monthly surface and bottom dissolved oxygen levels for
experimental ponds enriched with inorganic fertilizers. Wet season 1984 =low input; 1985 =high
input.
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cantly greater in inorganically fertilized ponds (7.6 mg/1) than in organically
fertilized ones (3.0 mg/1, ANOVA, P<0.01) (Fig. 6).

Biological parameters

There were no significant differences for Secchi disk depth between ponds
in any fertilization and season treatment, but there was an inverse effect for
nutrient input level on Secchi disk depth. Average Secchi disk values in organ-
ically and inorganically fertilized ponds were 30.0 and 19.9 cm, respectively
(Fig. 7). While there were significant differences in Secchi disk depth over
months, this did not reflect a consistent increase or decrease over time.

Chlorophyll a levels were not significantly different between ponds within
a treatment. High nutrient inputs led to an average nine-fold increase in chlo-
rophyll a over low nutrient input (Fig. 8). There were no significant differ-
ences in average chlorophyll a concentration between organically (96 mg/
m?) and inorganically (125 mg/m?) fertilized ponds at high nutrient inputs,
due to high variability in observations. There were significant time trends in
chlorophyll a for each fertilization treatment, but these trends were
inconsistent.

Primary production showed trends similar to chlorophyll a, with no signif-
icant differences between ponds for each treatment, increased average pro-
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Fig. 6. Diel changes in oxygen differential (top vs. bottom) for organically and inorganically
fertilized ponds averaged over months and ponds for a treatment. Wet season 1984 =low input
inorganic experiment; 1985 data =high input organic or inorganic experiments for each season.
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Fig. 7. Mean Secchi disk depth trends in experimental ponds. Wet season 1984 =low input in-
organic experiment; 1985 data=high input organic or inorganic experiments for each season.
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inorganic experiment; 1985 data =high input organic or inorganic experiments for each season.



NUTRIENT INPUTS AND YIELDS OF OREOCHROMIS NILOTICUS IN PONDS 333

duction with increased nutrient loading (1.6 vs. 12.2gCm~*d =" for low and
high loading, respectively ), no significant difference between organically (11.5
gCm~3d!') and inorganically (13.0g C m~3*d~"') fertilized ponds at high
input, and significant monthly differences with no consistent time trends (Fig.
7).

Net monthly adult fish yield did not differ significantly between ponds of a
treatment. High nutrient inputs led to a two-fold increase in monthly net adult
yield (9.0 kg ha—! d—') over low input ponds (4.5 kgha~'d~"') (Table 1).
There was a significant difference in net adult yield and biomass between
oreanicallv ( 112kocha-1d-! \ and inoreanicallv (0 Okeha-'d-! \ fertilized
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ponds at hlgh nutrient loadlng (Fig. 10). There were also 51gn1ﬁcant differ-
ences in fish yield with month for all treatments, but these trends were incon-
sistent over time.

Regression avzalyses

Multiple regressions between temperature differential at 14.00 h as the de-
pendent variable and air temperature, solar radiation, wind speed, rainfall,
primary production, chlorophyll a, Secchi dish depth, and adult fish biomass
as independent variables included only air temperature and solar radiation as
significant predictors in the relationship (R?=0.60). However, this regres-
sion varied seasonally. During wet season 1985, a significant relationship was
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401 1984 O Organic

~ - A ——O

Dry Season
40 1985

Wet Season
40 1985

(o} 25
Week

Gross Primary Producticity (g Cm™d™)

7. 10QA

Fig. 9. Trends in mean net primary production in experimental ponds. Wet season 1984 =low
input inorganic experiment; 1985 data=high input organic or inorganic experiments for each
season.
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Fig. 10. Trends in mean fish biomass in experimental ponds. Wet season 1984 =1low input in-
organic experiment; 1985 data=high input organic or inorganic experiments for each season.

found (P<0.05) which included air temperature, wind velocity, and rainfall
(R*=0.99). During the 1985 dry season, solar radiation, air temperature,
and rainfall explained nearly 100% of the variation in temperature differen-
tial at 14.00 h.

Multiple regressions between oxygen differential at 14.00 h as the depen-
dent variable and temperature differential, air temperature, wind velocity,
solar radiation, daily rainfall, chlorophyll a concentration, adult fish biomass,
and Secchi disk depth as independent variables indicated that primary pro-
duction alone explained 52% of the variance in oxygen differential at 14.00
h. When analyzed by experiment and season, results were inconclusive.

Primary production was significantly dependent on chlorophyll a content,
total phosphorus, total inorganic nitrogen, solar radiation, and rainfall (Ta-
ble 2). Temperature and most other variables were not significantly corre-
lated to primary production. Chlorophyll a and rainfall had the highest coef-
ficient of determination (72), and none had an r? over 0.50.

Monthly net adult fish yield was significantly correlated to primary produc-
tion and rainfall (Table 2), and weakly correlated to Secchi disk depth, chlo-
rophyll a content, and solar radiation. Total net yield showed similar but
weaker correlations in most cases. It was significantly correlated to chloro-
phyll a content and primary production, and also weakly to total phosphorus,
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TABLE 2

Significant simple regression statistics for primary production, monthly net adult fish yield, or chlo-
rophyll a as dependent variables and other physical, chemical, and biological data as independent
variables

Independent variable Slope Intercept r? N Significance

Primary production

Chlorophyli a 0.676 1868.3 0.46 111 0.000
Rainfall 0.594 5283.1 0.35 111 0.000
Solar radiation —0.541 37834.0 0.29 111 0.000
Total P 0.498 4876.2 0.25 99 0.000
Total inorganic N 0.328 4808.9 0.11 99 0.007
Monthly net adult yield
Rainfall 0.630 3.98 0.40 111 0.000
Primary production 0.614 2.62 0.38 111 0.000
Chlorophyll a 0.388 3.50 0.15 111 0.000
Secchi disk depth —0.384 10.70 0.15 111 0.000
Solar radiation -0.379 19.00 0.14 111 0.000
Monthly total net yield
Chlorophyll a 0.624 3.55 0.39 111 0.000
Primary production 0.557 4.74 0.31 111 0.000
Secchi dish depth —-0.536 21.40 0.29 111 0.000
Total inorganic N 0.473 4.86 0.22 111 0.000
Ammonia 0.408 6.28 0.17 111 0.000
Solar radiation 0.408 33.80 0.17 111 0.000
Total P —0.388 20.30 0.15 111 0.000
Chlorophyll a
Secchi dish depth -0.82 12.15 0.67 110 0.000
(log-log)

Secchi desk depth, solar radiation, ammonia, and total inorganic nitrogen.
Temperature, dissolved oxygen, and many other physical or chemical vari-
ables had no apparent effect on adult fish yield.

DISCUSSION

Analyses from the three experiments clearly indicate that increased fertil-
ization rates resulted in larger adult fish yields, higher primary production,
and larger dissolved oxygen variations. Manure loading rates at high input
were high compared to a number of other studies (Tang, 1970; Schroeder,
1978; Noriega-Curtis, 1979). Growth of individual tilapia for the high input
ponds (average 1.2 g/d) was below that reported for fertilization experi-
ments by Stickney et al. (1979) (about 1.8 g/d). Thus, growth in fertilized
ponds in Thailand might possibly be increased by higher fertilization rates.

Mean primary production (measured as gross production) in high input
ponds (12.2 g C m~3 d~') was similar to maxima of 10 g C m~> d~' for
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Israeli fish ponds (Hepher, 1962 ). Hepher’s (1962 ) data indicated that most
primary production occurred in the top 30 cm of a pond. Thus, the presently
measured primary production values are probably maximum values rather
than whole water column values. Regressions between primary production
and other measured variables indicated that differences in rainfall (r>=0.35)
and chlorophyll a concentration (r°=0.46) accounted for most variance in
primary production. Possibly the rapid use of available phosphorus and ni-
trogen by phytoplankton held those nutrients at low concentrations, thus ob-
scuring any relationship with primary production. Although inorganically
fertilized ponds often lose phosphorus to sediments (Hickling, 1962), inor-
ganically treated ponds in this study had higher phosphorus concentrations
in water than organically fertilized ponds (Fig. 4). Correlations between
chlorophyll ¢ and primary production were relatively high in this study, which
is consistent with previous work (Almazan and Boyd, 1978; Liang et al.,
1981).

Regression analysis included rainfall as a factor influencing primary pro-
duction and net adult yield, with a positive coefficient indicating increased
levels with increased rainfall. Rainfall caused greater mixing and may have
resulted in nutrient resuspension, as temperature stratification was negatively
correlated with rainfall. Little runoff occurred, as the only watershed for each
pond was the dyke itself. Thus, enrichment from runoff was unlikely. Rainfall
is generally low in nutrients, and the level of nitrogen or phosphorus addition
for a 1-cm rainfall (Likens and Bormann, 1974) would be less than 0.001%
of the fertilizer application of these nutrients in high input experiments.

Yield increased with an increased nutrient input, as did primary produc-
tion. Net yield was higher in organically than in inorganically fertilized ponds,
in spite of similar primary production and chlorophyll a contents. This may
indicate heterotrophic feeding by the fish, as manure adds detrital material
and contributes directly to bacterial and zooplankton production (Tang,
1970). Microphagous tilapias are known to feed extensively on detritus
(Bowen, 1979, 1982). An alternative explanation for decreased growth could
be deleterious pH levels caused by inorganic fertilizer addition (Boyd, 1979).
While pH was significantly different between organic and inorganic fertilized
ponds (8.1 and 8.4, respectively, ANOVA, P<0.001), the range of pH values
was similar in both cases (7.0-9.1 in organic ponds, 7.4-9.5 in inorganic
ponds) and never reached critically high or low levels (Balarin and Hatton,
1979).

Secchi disk depth was only moderately successful at predicting chlorophyll
a levels (r’=0.67; log-log plot), as was also found for catfish ponds in the
USA (Boyd, 1979). One factor that influenced our measurements and cor-
relations was the effect of fertilizer type on Secchi disk depth, as manure
treatments had higher water clarity than inorganic treatments. Organic ma-
terial is commonly used to remove clay turbidity from water (Swingle and
Smith, 1947; Irwin and Stevenson, 1951). While algal-clay flocculation has
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also been demonstrated to reduce turbidity (Avnimelech et al., 1982), this
mechanism probably did not influence the differences for Secchi disk depth
found in high input experiments, as chlorophyll a (estimates of algal bio-
mass) levels were not significantly different between the two fertilizer types.

Pond stratification occurred regularly, particularly for dissolved oxygen.
Temperature stratification was correlated to wind velocity and pond heating
rate, yet these variables only correlated moderately with temperature differ-
ential (multiple R?=0.60). However, multiple regressions on seasonal data
were very predictive, and also included rainfall. These highly predictive
regressions for each season indicate that climatological factors, like wind and
solar radiation, differ from wet to dry season. It was more difficult to account
for oxygen stratification, which one would expect to be related to oxygen pro-
duction and use as well as weather. In these analyses, primary production was
the only independent variable included in this regression, and it explained
only 52% of the variance in oxygen differential. Oxygen stratification was
higher with high nutrient input than with low input, and higher in inorgani-
cally than organically fertilized ponds. The latter response may mainly be due
to increased water clarity in organically fertilized ponds, allowing photosyn-
thesis throughout the water column rather than only in surface waters as in
inorganically fertilized ponds.

Monthly net adult fish yield was strongly correlated to rainfail and primary
production. Similar correlations occurred between total net yield and pri-
mary production. The correlations to primary production were limited com-
pared to studies done on a variety of other water bodies (McConnell et al.,
1977, Oglesby, 1977; Liang et al., 1981 ). This may be partly due to our biased
primary production analyses noted earlier. However, the positive correlation
suggests that fish growth was at least partly related to ingestion of autochtho-
nous material rather than predominantly heterotrophic food sources. Supe-
rior growth noted in organically fertilized ponds may also indicate heterotro-
phy, as also shown by Schroeder (1978) in manured ponds.

A problem in these analyses was timing of sampling, as time lags were ig-
nored. For example, primary production for a given time period was consid-
ered dependent on nutrient levels at sampling. Data were combined into
monthly means per pond, since the sampling frequency differed among the
parameters, which might have obscured time lags and other transient rela-
tionships between factors. Fish yield analyses were further obscured by other
problems. Monthly mortality was estimated from known numbers of fish only
at the beginning and termination of each experiment. While mortality rate
was assumed constant over time, losses may have occurred mainly over some
small time interval. Mortality was generally small (< 10%), so errors from
this assumption should have been minor. Monthly growth estimates were
based on netted subsamples, while final fish size was determined from all fish
in the pond. Thus, variation in tilapia production during the last month of
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each experiment was more likely due to biased estimates from previous months
than to a different growth rate. While spawning was limited in most ponds
due to stocking of manually sorted males, errors led to significant recruitment
in some ponds. The biomass of young produced was occasionally quite large,
but in general, it was less than 30% of the total yield (Table 1). Thus, repro-
duction probably resulted in increased variability within a treatment. How-
ever, correlations of factors to total net yield were no better than correlations
to adult yield.

Nitrogen appeared to be the limiting nutrient in these experiments. The
chicken manure used had NP percentages of 2.8:4.5 by weight. Chicken man-
ure varies tremendously in composition, with other reported percentages of
NPat 1.1:2.1 {Indonesia - Battersonetal., 1989), 2.2: 1.6 (Honduras - Green
etal., 1989), and 1.2:0.5 (United States — Boyd, 1979). Obviously, limiting
nutrients will vary depending on manure composition, which varies locally.
Similarly, the main form of nitrogen varied among treatments in this experi-
ment, with NH; predominating in inorganically and NO; in organically fer-
tilized ponds. As urea (CO(NH,),) was the form of inorganic nitrogen used,
the importance of ammonia in inorganic treatments was mainly due to source.
Possibly the uric acid, which is the main chicken excretory product, is oxi-
dized in manure by exposure to air, or nitrified in water, allowing nitrate to
be the major nitrogen form in manured ponds.

One final problem involved statistical interpretation of results. High and
low input experiments were done during wet season 1985 and 1984, respec-
tively. Thus, differences between treatments could include input effects, year
effects, or both. There were strong climatic differences between years, partic-
ularly in seasonal rainfall (wet season 1984 had little rainfall). As rainfall
strongly affected fish yield and primary production (Table 2), this biases
comparisons between low and high input rate (done in different years). Since
the differences between these treatments were generally quite large, the input
effects likely predominated, and the interpretation of results was probably
not largely affected by this problem. Organic and inorganic treatments were
run simultaneously, avoiding this annual or seasonal bias.

These analyses indicate that, at least for the current data set, regression
models using chemical, physical, and biological data only moderately pre-
dicted monthly primary production or net adult yield. This is unfortunate,
because better correlations might allow comparisons between sites and pre-
diction of yield based on practices to increase primary production or nutrient
availability. Currently, yield models of fish culture are restricted to intensive
systems (with feed) (Diana et al., 1988a; Ross et al., 1988). These models
focus on bioenergetic parameters. Whether similar models can be used for
managing fertilized aquaculture systems is uncertain.
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