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Abstract

Reports of similar yields in manure and feed-driven
tilapia culture environments raise questions on
food utilization in these environments. The possibi-
lity that similar production rates are because of
utilization of di¡erent foods was investigated using
exploratory techniques of multivariate analyses.
Using factor analysis, trophic pathways through
which food becomes available to ¢sh were ex-
plored, and using ANOVA models, water quality,
sediment quality and tilapia growth and yields
were compared. Conceptual graphic models of the
main ecological processes occurring in feed-driven
and organically fertilized environments are pre-
sented and discussed. In both environments, auto-
trophic and heterotrophic pathways are impor-
tant processes that result in the availability of
natural foods that are utilized by the ¢sh. Extrapo-
lated ¢sh yield data indicate that with equal nutrient
input and stocking density, organically fertilized
environments could achieve production rates
similar to those in feed-driven environments. The
general assumption that supplemental or com-
plete foods arewell utilized by tilapia in outdoor stag-
nant ponds remains challenged, and further re-
search on tilapia feeding behaviour and food
selection in feed-and organic fertilizer-driven envir-
onments is needed.

Keywords: organically fertilized environments,
feed-driven environments, trophic structure, factor
analysis, tilapia production

Introduction

Tilapia is farmed in varying environments that,
based on density and corresponding required addi-
tion of inputs, have been classi¢ed into extensive,
semi-intensive and intensive systems (Edwards1988;
Egna & Boyd 1997). In extensive systems, ¢sh are
reared at low densities in stagnant outdoor ponds
generally with no inputs at all (Edwards 1988), rely-
ing on natural foods for their nutrition. In intensive
systems, ¢sh are reared at high densities and depend
on nutritionallycomplete feeds with little or no nutri-
tion from natural foods (Egna & Boyd1997). In semi-
intensive systems, ¢sh are reared in outdoor stagnant
ponds, but rely on fertilization to enhance natural
food production and/or on supplemental or complete
feed to complement the natural foods.
Besides being regarded as better-quality inputs

than organic fertilizers, supplemental and complete
foods are said to increase food availability in ponds
above levels available in organically fertilized ponds.
Further, the increased food availability increases ¢sh
growth and allows culture of ¢sh at higher stocking
densities, resulting in ¢sh yields higher than those
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possible with organic fertilization (Diana, Lin &
Schneeberger1991; Diana, Lin & Jaiyen1994). Several
researchers reported yields of male tilapia monocul-
ture ranging between 8.6^19.2, 23.7^33 and 30.8^
49.4 kgha�1day�1 in manure-only, manure plus
supplemental feed and feed-only treatments respec-
tively (Collis & Smitherman 1978; Nerrie 1979; Stone
1980; Hopkins & Cruz1982; Green, Phelps & Alvaren-
ga 1989; Peralta & Teichert-Coddington 1989; Diana
et al. 1994). However, tilapia yields comparable with
those obtained in feed-only ponds (29.5^30.5 kg
ha�1day�1) have been reported in manure-only sys-
tems (Schroeder,Wohlfarth, Alkon, Halevy &Krueger
1990; Delince¤ 1992; Knud-hansen, Batterson &
Mcnabb1993).
What ¢sh eat in stagnant outdoor ponds, and

hence what drives ¢sh growth and production are
still not well understood. If ¢sh in feed-driven
environments utilize both natural foods and supple-
mental feeds, why is it possible to achieve comparable
production with organic fertilization only? It can be
hypothesized that ¢sh in feed-driven environ-
ments reduce their dependency on natural foods. If
di¡erent foods are used, most likely di¡erences in
food webs of organically fertilized and feed-driven
environments can be observed. The £ow of matter
and energy through the food web will in£uence
water quality and sediment properties di¡erently
and di¡erences may be observed in the water and se-
diment properties of organically fertilized and feed-
driven ponds.
The goal of this preliminary study was to investi-

gate whether di¡erent foods are utilized by tilapia in
fertilized and feed-driven environments through
multivariate analyses. Using factor analysis, the
trophic structures through which food becomes
available to the ¢sh were explored and compared.
Using ANOVA models, water and sediment qualities in
the two environments were compared to establish
whether di¡erences because of utilization of di¡erent
food can be detected on water and pond sediments’
qualities. Fish growth rates and yields in the two en-
vironments were also compared to establishwhether
¢sh performance is better in feed -driven than in or-
ganically fertilized environments.

Materials and methods

Experimental design

The study was conducted between June and October
2002 at the World Fish Centre, Egypt. Nine newly

constructed earthen ponds with concrete banks,
200m2 and 1.2m deep, were used for the study.
Ponds were ¢lled with water to a1m level a week be-
fore theywere stockedwith18^20 g tilapia (Oreochro-
mis niloticus) ¢ngerlings, and water losses because of
seepage and evaporation were replaced weekly dur-
ing the culture period. In a completely randomized
design, the ponds were allocated to three treatments
in triplicate. In the ¢rst treatment, ¢sh were fed 25%
protein £oating pellets (P) at 3% body weight
day�1. Ponds in the second treatment were fertilized
with chicken manure (C) while in the third, they
were fertilized with ¢eld grass (G) that was partially
composted aerobically for1month before pond appli-
cation.
As the common practice is to have a higher stock-

ing density in feed-driven environments than in orga-
nically fertilized environments, ponds in P were
stocked at a rate of 2 ¢shm�2 while those in C and G
were stocked at a rate of 1 ¢shm�2. To enable a com-
parison of the systems with di¡erent stocking densi-
ties, the quantity of chicken manure and composted
grass inputs were determined so that nitrogen (N) in-
put rates were half of those in the P treatment.To esti-
mate N input in the P treatment, it was assumed ¢sh
would grow to 250 g in 5 months. Assuming a feed
conversion ratio of 2% and16% N in 25% protein pel-
lets, about 7.5 kg of N was required in each P treat-
ment pond. All chicken manure required during the
culture period was bought in one batch at the begin-
ning of the experiment. A composite sample was
collected and analysed for its nitrogen content,
which was found to be 2.5%. Thus, for the same
period, chicken manure fertilization rates of about
50 kg ha�1day�1 would result in addition of about
4 kgN. After composting, the nitrogen content of the
grass was analysed (averaged 2.3%) and applied to the
ponds in quantities to be iso-nitrogenous with treat-
ment C. In total, the quantity of composted grass
added translated to an average application rate of
60 kg dry matterha�1day�1.
A delay in starting the experiments resulted in a

139-day culture period rather than the originally
planned 150-day culture period. In addition, during
the culture period, feeding and fertilization were oc-
casionally suspended because of low dawn oxygen
levels. The combined e¡ects resulted in a deviation of
the originally planned N-loading per treatment. By
the end of the culture period, total N input per pond
was 5.8, 2.6 and 2.4 in P, C and G respectively. Hence,
the N load in organic fertilizer ponds was still about
half that in feed-driven ponds.
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Fish feeding/pond fertilization and ¢sh
growth measurement

Pellets were supplied twice a day at 10:00 and 15:00
hours while chicken manure was applied daily at
10:00 hours and grass compost weekly (every Sun-
dayat10:00 hours). Fishwere sampledmonthly using
a seine net. At each sampling time, a minimum of
10% of the stocked ¢sh population was seined,
counted and weighed (total weight) to calculate the
average weight. Feed amounts were adjusted
monthly based on the observed average weights and
on the assumption of 100% survival. Fertilization or
feeding was suspended when dawn oxygen levels
dropped below 2mg L�1, and resumed when the
dawn oxygen levels were restored above this level.
During the last months of culture, it was observed
that the ¢sh did not ¢nish their daily feed ratio and
from then onwords, they were fed ad libitum at the
same times of the dayas when fed at 3% bodyweight.
At harvesting, ¢sh were seined and the remaining
ones were collected by hand from the mud after com-
plete drainage. All ¢sh from a pond were counted,
their total weight was recorded and the average
weight was determined. Based on these measure-
ments, further calculations of daily ¢sh growth rates
and yields were made.

Water quality sampling and analytical
procedures

Temperature, dissolved oxygen (DO) and pH were
measured twice daily (6:00 and 15:00 hours), water
transparency once daily (12:00 hours) and primary
productivity (PP) biweekly. Temperature and DO
were measured using an oxygen meter with a com-
bined oxygen and temperature probe (OXYGUARD
HANDY III, Oxyguard International, Birkerod, Den-
mark), pH using a pH electrode (ACCUMET pH meter
25 Fisher Scienti¢c, Pitsburg, PA, USA) and water
transparency using a Secchi disk (Boyd & Tucker
1992). Primary productivity was measured using the
free water method (Hall & Moll 1975), in which
changes in pond water DO at di¡erent depths (5, 25,
50 and 75 cm) were monitored over a 24-h period (4
hourly beginning at 06:00 hours). Community re-
spiration is taken as twice the decrease in the mean
DO between18:00 and 06:00 hours the following day.
Gross PP is calculated as the sumof gains in themean
DO during the day plus half of community respira-
tion (assumes no di¡erence between diurnal and
nocturnal community respiration). Dissolved oxygen
values can be corrected for di¡usion across the air^

water interface by relating the oxygen transfer coe⁄-
cient to wind speed (Boyd & Teichert-Coddington
1992). However, in this study a correction for di¡u-
sion was not made because of unavailability of
weather data. The aim of this study was to compare
treatments, and as di¡usion was the same in all
ponds, lack of a di¡usion correction does not a¡ect
the conclusions of the study.
All other water quality parameters mentioned be-

lowwere determined biweekly.The ¢rst samplingwas
performed after pond ¢lling and before ¢sh stocking
to determine the initial pond water characteristics.
Samples were collected at 08:00 hours from three
points in a pond using a column sampler (Boyd &
Tucker 1992). Samples from the three points were
mixed together, a 1L sample was collected from the
homogenously mixed composite sample and taken to
the laboratory for the various analyses. Soluble reac-
tive phosphorus (SRP) was determined by the ascor-
bic acid method (APHA 1995) and total phosphorus
(TP) by persulphate digestion (Gross & Boyd1998), fol-
lowed by the ascorbic acid method. Determination of
total ammonia nitrogen (TAN) was performed by the
phenate method (APHA1995), nitrite nitrogen (NO2-
N) by the diazotizationmethod (Boyd & Tucker1992),
nitrate nitrogen (NO3-N) by the phenoldisulphinic
acid method (Boyd 1979) and total nitrogen (TN) by
persulphate digestion (Gross & Boyd 1998), followed
by the phenoldisulphinic acid method. Potassium (K)
was determined by atomic absorption (Page, Miller &
Keeney 1982) and chlorophyll a by ¢ltration through
GF/C Whatman glass ¢bre ¢lters followed by acetone
extraction and calorimetric determination of the pig-
ment concentration (APHA1995).

Sediment samples

Sediment samples were taken from the upper 10cm
stratum using a core sampler (Boyd & Tucker 1992).
Initial samples were collected before stocking and
proceeding samples biweekly. In each pond, nine
cores were takenandmixed to forma composite sam-
ple from which a sub-sample was taken for analysis.
They were analysed for total nitrogen by the Kjeldahl
method (Page et al. 1982), phosphorus by Olsen’s
method (Buurman, Lagen & Velthorst 1996), organic
carbon by the Walkley^Black dichromate method
(Buurman et al.1996) and potassium by determining
the exchangeable potassium ina cation exchange-re-
placing solution (BaCl2), followed by atomic absorp-
tion determination of potassium (Buurman et al.
1996).

Aquaculture Research, 2006, 37, 151^163 Trophic structure in pellet fed and organic fertilized ¢sh ponds PNMuendo et al.

r 2006 TheAuthors. Journal Compilationr 2006 Blackwell Publishing Ltd, Aquaculture Research, 37, 151^163 153



Statistical analyses

Data were analysed using factor analysis (e.g. Kim &
Mueller1978; Milstein1993) to identify the main eco-
logical processes acting in the environments. Factor
analysis, a multivariate statistical technique, is used
to study patterns of interrelationships within one set
of variables. The method is based on the analysis of
linear relationships, which express the simplest rela-
tionships between variables, with a common objec-
tive of reducing the number of variables into a
smaller number of new hypothetical variables (fac-
tors). Factors have no units and are normally distrib-
uted standardized variables. The value of each factor
for each observation of the original variables can be
calculated and used as a new variable in plots, histo-
grams and statistical analyses such as ANOVA. To run
the analysis, a data matrix is constructed, with each
column containing a variable and each line contain-
ing an observation. From the correlation matrix
among the variables of that matrix, factors are then
extracted by calculating eigenvalues and eigenvec-
tors. The proportion of variance accounted for by
each factor is calculated from the corresponding ei-
genvalue. Each eigenvector contains coe⁄cients of
the linear combination corresponding to each origi-
nal variable. Factors with eigenvalues larger than
one are used for interpretation. The interpretation of
the factor (hypothetical variable) is then performed
based on the relative size and sign of the coe⁄cients
(eigenvector). Only coe⁄cients with the highest va-
lues are considered for interpretation, usually those
larger than 0.5. Of the available techniques for ex-
tracting factors, principal component analysis (PCA)
(e.g. Seal1964; Je¡ers1978) was used. The ¢rst calcu-
lated factor is the linear combination that accounts
for as much of the variation contained in the sample
as possible. The second factor is the second linear
function that accounts for most of the remaining
variability, and so on. Factor analysis assumes that
observed variables are linear combinations of some
underlying factors, independent of one another,
which generally re£ect an ecological or operational
process. Factor analysis is used as an exploratory
technique; thus, the results are interpreted as general
trends.
After identi¢cation, the factors, their di¡erences

between treatments and sampling dates as well as
the water quality, ¢sh and soil data were compared
in a repeated-measures split-plot ANOVA as shown in
the model below

Yijk ¼ mþ ai þ eij þ Tk þ ðaTÞik þ eijk

whereYijk is the observed value; m is the overall mean;
aIare the treatment e¡ects (i53); eij is the experimen-
tal error because of treatment (j53); Tk are the time
e¡ects (k510); (aT)ik are the time � treatment cross-
e¡ects; and eijk is the experimental error because of
treatment � time interactions. Treatment means
were compared using Fisher’s least signi¢cance dif-
ference (LSD) procedure for multicomparison tests
(Zar 1984). The analyses were run using the proce-
dures FACTOR and GLM of the SAS statistical package
(version 8.2, SAS institute, Cary, NC, USA). Di¡erences
were declared signi¢cant at an a level of 0.05.

Results

Fish growth and yields

Fish growth rates and yields are shown inTable1. Be-
cause of bird predation, survival rates were low and
ranged between 41% and 54% with no signi¢cant
treatment e¡ects.The daily ¢shgrowth ratewas some-
what higher in C, but di¡erences were not signi¢cant
among treatments. Average tilapia weights at harvest
were signi¢cantly higher in C than in Pand G but the
net ¢sh yield (NFY) was signi¢cantly higher in P.

Water and sediment quality

Results of ANOVA and multi-comparison tests of treat-
ment means of water and sediment quality variables

Table 1 Tilapia growth and survival rates

Parameter

Treatment

C G P

Stocking weight (g) 18.5a 18.3a 19a

Number stocked 200 200 400

Average weight at harvest (g) 252a 172b 174b

Survival (%) 41a 48a 54a

Daily growth rate (g day� 1) 1.7a 1.1a 1.1a

Total biomass at harvest (kg pond� 1)

Stocked tilapia 20.7b 16.5b 37.6a

Recruits 10.0a 9.5a 15.5a

Total (stocked tilapia1recruits) 30.7b 26.0b 53.1a

Net fish yields (NFY) (recruits inclusive)

kg pond� 1 27.0b 22.3b 45.5a

kg ha� 1 1350b 1117b 2275a

kg ha� 1 year� 1

(assuming two seasons)

2700b 2234b 4550a

Values are means of three replicates for each treatment. Same
letters (superscripts) indicate no signi¢cant di¡erence at the
0.05 level. a4b4 � � �.
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are shown inTables 2 and 3.Themodel accounted for
over 70% of the variability in all the variables (r2 of
the ANOVA), and the main source of variability in
water and sediment variables wasweek, which repre-
sents the time e¡ect.

Factor analysis

Results of the factor analysis are presented inTable 4.
Five factors were important in describing the varia-
bility of the data and together accounted for 74% of
the overall data variability. The ¢ve factors (F1^F5)
are identi¢ed and described in the paragraphs below,
and results of ANOVA and multi-comparison tests of
the factors’means by treatment and time are shown
inTable 5.

Factor1 (F1): phytoplankton biomass synthesis in the
water column

This ¢rst factor accounted for 30% of the data varia-
bility (Table 4). It comprises two groups of variables:
those with high positive coe⁄cients and those with
high negative coe⁄cients. High factor values indicate
high PP, chlorophyll a levels, organic phosphorus and
organic nitrogen, monthlyaverage ¢shweights, NO2-
N and NO3-N and K in both sediment and water col-

umn (variables with positive coe⁄cients), together
with low morning DO, afternoon temperature and
Secchi depth transparency (variables with negative
coe⁄cients) (Table 4 ^ F1). The factor re£ects phyto-
plankton biomass synthesis in the water column.
High PP levels re£ect high rates of phytoplankton
synthesis, while high values in chlorophyll a, organic
nitrogen and phosphorus re£ect the presence of high
plankton biomass in the water column. The high
synthesis of phytoplankton biomass is a result of
availability of inorganic nutrients (Hargreaves 1998)
in the water (high positive values in NO2-Nand NO3-
N). Phytoplankton biomass supports ¢sh growth
(Diana et al. 1991) but also increases water turbidity
resulting in low Secchi depth transparency. Night re-
spiration of the high phytoplankton biomass, coupled
with other biotic respiration, consumes oxygen, re-
sulting in low values of DO in the morning. In the AN-

OVA and mean multi-comparison test of the factor
(Table 5), the applied model accounted for 97% of
the factors’ variability, of which 86% was owing to
time (weeks), 9% owing to treatment and 5% owing
to the interaction of treatment and time. The multi-
comparison of the factor’s means by week shows that
biomass increased with time, and the multi-compar-
ison of means by treatment shows that the highest
plankton biomass occurred in treatment C followed

Table 2 ANOVA and multi-comparison of treatment means (by Fishers’ least signi¢cance di¡erence test (LSD)) of variables
measured daily

Variables

Dissolved
oxygen
(mg L�1)
(06:00 hours)

Dissolved
oxygen
(mg L�1)
(15:00 hours)

Temperature
( 1C)
(06:00 hours)

Temperature
( 1C)
(15:00 hours)

Secchi
depths (cm)
(12:00 hours)

pH
(06:00 hours)

pH
(15:00 hours)

ANOVA models

Significance ��� ��� ��� ��� ��� ��� ���

Coeff. determination (r2) 0.92 0.85 0.99 0.99 0.72 0.91 0.87

Variance source Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS

TRT NS 0 ��� 36 � 0 NS 0 � 27 ��� 62 ��� 56

WEEK ��� 86 ��� 53 ��� 99 ��� 99 ��� 40 ��� 10 ��� 23

WEEK � TRT ��� 14 ��� 11 ��� 1 NS 1 ��� 33 ��� 28 ��� 21

Multi-comparison of means byTRT

C 1.5 a 12.3 a 26.3 ba 29.4 a 14.4 ba 9.1 a 9.3 a

G 1.4 a 10.3 b 26.2 b 29.3 a 16.9 a 8.8 b 9.1 b

P 1.4 a 7.6 c 26.5 a 29.2 a 12.3 b 8.3 c 8.6 c

�Signi¢cant at the 0.05 level.
���Signi¢cant at the 0.001 level.
Same letters in the multi-comparison of means columns indicate no signi¢cant di¡erence at the 0.05 level. a4b4 � � �.
Coe¡., coe⁄cient; Sign., signi¢cance level: NS, not signi¢cant; %SS, percent of total sum of squares; TRT, treatment.

Aquaculture Research, 2006, 37, 151^163 Trophic structure in pellet fed and organic fertilized ¢sh ponds PNMuendo et al.

r 2006 TheAuthors. Journal Compilationr 2006 Blackwell Publishing Ltd, Aquaculture Research, 37, 151^163 155



Table 3 ANOVA and multi-comparison of means (LSD) of variables measured weekly

Variables

Total ammonia
nitrogen in pond
water (mg L�1)

NO2-N
(in pondwater)
(mg L�1)

NO3-N
(in pondwater)
(mg L�1)

Total nitrogen
(in pondwater)
(mg L�1)

Soluble
phosphorus
(in pondwater)
(mg L�1)

Total phosphorus
(in pondwater)
(mgL�1)

ANOVA models
Significance ��� ��� ��� ��� ��� ���

Coeff. determination (r2) 0.77 0.96 0.91 0.82 0.95 0.84

Variance source Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS

TRT NS 3 �� 7 ��� 14 � 13 �� 16 �� 21
WEEK ��� 83 ��� 64 ��� 76 ��� 70 ��� 66 ��� 60
WEEK � TRT NS 15 ��� 29 �� 9 � 17 ��� 18 �� 19

Multi-comparison ofmeans byTRT

C 0.54 a 0.04 b 0.13 b 11.9 a 0.11 a 1.05 a
G 0.47 a 0.07 a 0.21 a 9.5 ba 0.05 b 0.79 b
P 0.45 a 0.009 c 0.10 c 7.9 b 0.03 b 0.71 b

Multi-comparison ofmeans byWEEK

1 0.4 cb 0.006 b 0.06 g 4.2 e 0.06 cb 0.38 c
2 0.8 a 0.001 b 0.09 gfe 4.4 e 0.06 b 0.40 c
3 0.4 cb 0.010 b 0.08 gf 7.1 d 0.01 e 0.72 b
4 0.3 c 0.009 b 0.12 edcb 7.5 d 0.07 b 0.90 a
5 0.7 a 0.001 b 0.12 fedc 12.3 b 0.03 e 1.01 a
6 0.4 cb 0.001 b 0.11 fed 11.9 b 0.03 e 0.99 a
7 0.1 d 0.000 b 0.15 cb 12.6 b 0.03 ed 0.99 a
8 0.7 a 0.000 b 0.15 dcb 10.8 cb 0.04 ed 1.00 a
9 0.7 a 0.180 a 0.40 a 17.5 a 0.05 dcb 1.06 a

10 0.5 b 0.180 a 0.18 b 9.1 dc 0.27 a 1.02 a

Variables

Potassium
(in pondwater)
(mgL�1)

Chlorophyll
a (mg L�1)

Primary
production
(mgO2 L

�1)

Available
phosphorus
(in sediment)
(%)

Total
nitrogen
(in sediment)
(%)

Potassium
(in sediment)
(%)

Organic
carbon
(in sediment)
(%)

ANOVA models
Significance ��� ��� ��� ��� ��� ��� ���

Coeff. determination (r2) 0.93 0.86 0.93 0.64 0.69 0.98 0.82

Variance source Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS

TRT NS 2 ��� 22 ��� 24 NS 12 NS 16 NS 1 NS 39
WEEK ��� 92 ��� 66 ��� 65 ��� 91 � 34 ��� 98 ��� 36
WEEK � TRT �� 6 �� 22 ��� 11 NS 8 NS 50 NS 1 NS 25

Meanmulti-comparison byTRT

C 13.8 a 381 a 20.1 a 0.18 a 0.15 a 0.07 a 1.7 a
G 14.8 a 264 b 16.1 b 0.17 a 0.12 a 0.07 a 1.3 a
P 14.3 a 211 c 11.9 c 0.17 a 0.14 a 0.07 a 1.7 a

Meanmulti-comparison byWEEK

1 8.90 g 17 f 5.01 e 0.28 a 0.12 cb 0.059 ed 1.9 a
2 11.8 f 123 e 7.20 ed 0.16 cb 0.12 cb 0.057 e 1.5 dc
3 9.3 g 241 d 15.4 c 0.14 dcb 0.11 c 0.060 d 1.4 dc
4 16.7 cb 300 dc 18.3 b 0.12 dc 0.13 cba 0.065 c 1.2 d
5 14.8 e 348 cb 22.1 a 0.11 dc 0.13 cba 0.084 b 1.4 dc
6 18.3 a 316 c 21.0 a 0.14 dcb 0.13 cba 0.055 f 1.4 dc
7 16.1 dc 347 cb 18.8 b 0.27 a 0.15 a 0.060 d 1.5 c
8 17.4 ba 400 ba 21.0 a 0.15 dcb 0.14 ba 0.088 a 1.6 cb
9 15.2 ed 462 a 15.0 c 0.08 d 0.15 a 0.088 a 1.8 ba

10 14.2 e 298 dc 16.6 cb 0.21 ba 0.14 ba 0.082 b 1.7 cba

�Signi¢cant at the 0.05 level.
��Signi¢cant at the 0.01 level.
���Signi¢cant at the 0.001 level.
Same letters in the multi-comparison of means columns indicate no signi¢cant di¡erence at the 0.05 level. a4b4 � � �.
Coe¡., coe⁄cient; Sign. 5 signi¢cance level; NS, not signi¢cant; %SS, percent of total sum of squares; TRT, treatment.
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by G and the lowest in P (Table 5 ^ F1). Figure1 ^ F1
illustrates the factor’s trend over time in the three
treatments (week � treatment interaction e¡ect). It
shows similar biomass in the ¢rst 2 weeks in all treat-
ments, and from then on the biomass increase was
larger in C than in G, the latter being larger than in P.

Factor 2 (F2): photosynthetic activity in the water
column

This factor accounted for a further 20% of the data
variability (Table 4). It has high positive coe⁄cients
in temperature, pH, DO in the afternoon hours and
PP, and a high negative coe⁄cient in NO2-N (Table 4
^ F2). It re£ects photosynthetic activity in the water
column. High temperatures favour high photosyn-
thetic activity in which primary producers utilize
carbon dioxide and release oxygen. Reduction in car-
bon dioxide in the water leads to an increase of water
pH (Boyd1998). Released oxygen is utilized in the ni-
tri¢cation processes, and hence reduction in NO2-N
(Boyd 1998). The ANOVA model accounted for 97% of
the factors’ variability, of which 84% was because of
time, 11% because of treatment and 6% because of
the interaction between time and treatment. Multi-

comparison tests of means by week show that photo-
synthetic activity increased with time in the ¢rst
months but decreased in the last 2 months, while
multi-comparison of treatment means shows that
photosynthetic activity was signi¢cantly higher in C
than in G than P (Table 5 ^ F2). The cross-e¡ect of
treatment and time (Fig.1 ^ F2) shows that photosyn-
thetic activity in the ¢rst 2 and last 2 weeks was simi-
lar in all treatments, while in between was higher in
C than in G than in P.

Factor 3 (F3): role of pH in orthophosphate liberation

A further 11% of the overall data variability is ac-
counted for by this factor. It shows high positive coef-
¢cients in water pH and SRP in the water column
(Table 4 ^ F3). It re£ects the role of pH in orthopho-
sphate liberation. An increase of pH causes the disso-
lution of phosphate, resulting in an increase of
orhophosphate concentration in the water column
(Kamp-Nielson1974; Boyd1990). Besides this dissolu-
tion, an increase of pHwillmake the surface charge of
particles (hydroxides and clays) more negative, caus-
ing a lesser ability to adsorb the negative phosphate
ions (Hillerod1974) that then remain in thewater col-

Table 4 Factor analysis results

Factors F1 F2 F3 F4 F5

Morning dissolved oxygen (DO) � 0.68 � 0.28 0.42 0.15 0.13

Afternoon dissolved oxygen 0.42 0.64 0.15 � 0.05 � 0.13

Morning temperature � 0.45 0.74 � 0.26 0.14 0.18

Afternoon temperature � 0.55 0.74 � 0.16 0.15 0.15

Morning pH 0.24 0.52 0.73 0.01 0.21

Afternoon pH 0.32 0.71 0.53 0.08 0.21

Secchi depth � 0.50 � 0.23 0.29 � 0.21 0.00

Total ammonia nitrogen (TAN) 0.02 � 0.28 � 0.21 0.35 0.54

Nitrite nitrogen (NO2
�N) 0.50 � 0.57 0.25 � 0.28 0.11

Nitrate nitrogen (NO3
�N) 0.58 � 0.35 � 0.01 � 0.30 0.30

Organic nitrogen 0.77 0.20 0.07 � 0.02 0.04

Soluble reactive phosphorus 0.27 � 0.39 0.56 0.08 � 0.20

Organic phosphorus 0.77 0.42 � 0.06 0.05 0.01

Potassium (K) 0.56 0.22 � 0.41 � 0.14 � 0.28

Chlorophyl a 0.87 0.32 0.05 0.09 0.12

Primary productivity (PP) 0.71 0.59 0.03 0.02 � 0.01

Monthly average fish weight 0.89 � 0.11 0.04 � 0.02 � 0.18

Sediment phosphorus � 0.04 0.17 0.41 � 0.10 � 0.68

Sediment nitrogen 0.4 � 0.15 0.10 0.70 � 0.21

Sediment potassium 0.68 � 0.36 � 0.16 0.22 0.29

Sediment organic carbon 0.04 � 0.37 0.06 0.72 � 0.20

Variance explained (%) 30 20 11 7 6

Interpretation Phytoplankton biomass

synthesis in the water

column

Photosynthetic

activity

Role of pH in

orthophosphate

liberation

Organic matter

accumulation in

the sediment

Organic matter

decomposition

Coe⁄cients in bold were used for interpretation.
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umn. The ANOVA model accounted for 94% of this fac-
tor variability, of which 49% was owing to treatment,
32% owing to time and19% owing to the interaction
between time and treatment. The multi-comparison
of means by treatment show signi¢cant treatment ef-
fects, with higher means in C than G than P.Themul-
ti-comparisonof means byweek shows that the factor
was high in the ¢rst weeks, decreased and remained
low in the following weeks, increasing again in the
last weeks (Table 5 ^ F3). Figure1 ^ F3 shows that in
the beginning of the culture period all treatments had
similar F3 values, but from the third week on there
were strong di¡erences between treatments.

Factor 4 (F4): accumulation of organic matter in the
sediment

This factor accounted for a further 7% of the data
variability. It shows high positive coe⁄cients for or-
ganic carbon and nitrogen in the sediment (Table 4

^ F4), re£ecting accumulation of organic matter. Or-
ganic carbonand nitrogen occur in soil as a constitu-
ent of organic substances (Boyd1995) andmost of the
nitrogen inaquaculture pond sediments is associated
with organic matter (Boyd 1990; Hargreaves 1998).
The ANOVA model accounted for 83% of this factor
variability, of which 25%was owing to time,23% ow-
ing to the interaction between time and treatment,
and no signi¢cant treatment e¡ect. The multi-com-
parison of means by week shows a trend of increased
organic matter accumulation in the sediment in the
¢rst month, with some variations afterwards (Table
5 ^ F4). In the treatment and week cross-e¡ect (Fig.1
^ F4), variations in time were di¡erent in the three
treatments.

Factor 5 (F5): decomposition of organic matter

It accounted for a further 6% of the datavariability. It
shows a high positive coe⁄cient in TAN in the water

Table 5 ANOVA of factors and multi-comparison test (LSD) of their treatment means

Factors: F1 F2 F3 F4 F5

ANOVA models

Significance ��� ��� ��� ��� ���

Coeff. determination (r2) 0.97 0.97 0.94 0.83 0.85

Variance source Sign. %SS Sign. %SS Sign. %SS Sign. %SS Sign. %SS

TRT ��� 8.8 �� 10.7 ��� 48.6 NS 51.9 � 9.8

WEEK ��� 86 ��� 83.7 ��� 32.2 ��� 25.0 ��� 81.9

WEEK � TRT ��� 5.2 ��� 5.6 ��� 19.2 � 23.1 NS 8.3

Multi-comparison ofmeans byTRT

C 0.40 a 0.40 a 0.8 a 0.4 a � 0.06 ba

G � 0.05 b 0.01 b 0.1 b � 0.7 a 0.4 a

P � 0.30 c � 0.4 c � 0.9 c 0.3 a � 0.30 b

Multi-comparison ofmeans byWEEK

1 � 1.55 f � 0.8 g 1.1 a 0.2 cba � 0.3 d

2 � 1.40 f � 0.4 f 0.1 dc 0.3 ba � 0.5 cb

3 � 0.60 e 0.7 cb 0.4 cb � 0.03 dcb 0.7 ba

4 � 0.30 d 0.9 ba � 0.3 f � 0.2 dc 0.2 dc

5 0.20 c 0.6 dc � 0.8 g 0.6 a 0.9 ba

6 0.30 c 0.4 a � 0.5 f � 0.4 dc � 1.3 e

7 0.30 c 0.4 ed 0.02 ed � 0.3 dc � 1.2 e

8 0.70 b 0.3 e � 0.5 gf 0.5 ba 0.1 dc

9 1.40 a � 1.3 h � 0.2 fe � 0.3 dc 1.1 a

10 0.90 b � 1.5 i 0.6 b � 0.4 d � 0.8 e

�Signi¢cant at the 0.05 level.
��Signi¢cant at the 0.01 level.
���Signi¢cant at the 0.001 level.
Same letters in the mean multi-comparison columns indicate no signi¢cant di¡erence at the 0.05 level. a4b4 � � �.
Sign., signi¢cance level: NS, not signi¢cant; %SS, percentage of total sum of squares.
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column and a high negative coe⁄cient in sediment
phosphorus (Table 4 ^ F5). This re£ects decomposi-
tion of organic matter. During the decomposition of
organic matter in sediments, phosphates are re-
leased, leading to a decline in sediment phosphorus
(Hillerod 1974; De Pinto, Young, Bonner & Rodgers
1986; Boyd1990) and organic nitrogen is mineralized
to ammonia, increasing theTAN in thewater column
(Boyd 1995). The ANOVA model accounted for 85% of
the factors’ variability, of which 82% was owing to
time and10% owing to treatment. Multi-comparison
of means by week shows that organic matter decom-
position increased over time during the ¢rst half of
the culture period and was lower in the second half.
Multi-comparison of means by treatment shows that
decomposition in G was signi¢cantly higher than in
P (Table 5 ^ F5).

Discussion

Fish growth and yields

Similar ¢sh growth rates in all the environments im-
ply that organically fertilized environments can per-
form equally well as feed-driven environments, or
perhaps better considering the signi¢cantlyhigher ti-
lapia average weights at harvest in C (Table 1).
Although stocking density in the feed-driven

environment was twice that in organically fertilized
environments, nutrient inputs were also twice as
much. The higher NFY in P is a result of the double
stocking density. Assuming equal nutrient input in
the environments (double the organic fertilizer quan-
tity), equal stocking density and assuming the ob-
served growth rates in the organic manure
environments, NFY in C and G would be double the
values inTable1andwould be comparable with those
in P. Similar observations were made by Knud-Han-
sen et al. (1993), who concluded that with increased
primary production in organically fertilized environ-
ments, food constraints at higher stocking densities
can be overcome.

Ecological processes de¢ning the food webs

Conceptual graphic models of the main ecological
processes in the organic fertilized and the feed-driven
environments are shown in Figs 2 and 3. The ¢gures
were constructed following the results of the factor
and ANOVA analyses (Tables 2^4), and the widths of
the arrows represent the importance of the £ows.
The factors describe autotrophic and hetero-

trophic pathways in which photosynthetic activities
(F2) result in the development of phytoplankton bio-
mass (F1) in the water column. Phytoplankton cells
are said to have a lifespan of 1^2 weeks (Boyd1995),
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Figure 1 Treatment and week interaction for factors1^5.
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after which dead cells settle at the pond bottom at a
daily rate of about 50% of the algal standing crop
(Schroeder, Alkon & Laher 1991). This algal matter,
in addition to organic matter from pond inputs, accu-
mulates in pond sediment (F4) and supports the het-
erotrophic pathway by providing a substrate for
decomposition (F5). In turn, decomposition favours
the liberation of orthophosphate (F3) and a £ux of in-
organic nitrogen from the sediment (Boyd 1995;
Shrestha & Lin 1996). Nutrients released into the
water column from decomposition augment the
availability of inorganic nutrients (SRP and TAN) for

higher rates of phytoplankton synthesis and results
in increased algal biomass and more organic matter
settling in the sediment. High photosynthetic rates
supply the oxygen needed for decomposition and the
cycle continues with increasing rates over time,
hence the reason why time accounts for a high pro-
portion of variability in most of the factors (Table 4).
The autotrophic and heterotrophic pathways de-

veloped in all three treatments, and hence natural
food availability. However, except for F4, the magni-
tude of the factors was higher in the organically fer-
tilized environments (Table 4) and also proceeded at

Chicken manure
or grass

F1:   phytoplankton
biomass

F2:  photosynthesis

PO4 NH4

F3:

F4: organic matter
accumulation

Nutrients

pH

Feces

F5:  decomposition

O2

Figure 2 Main ecological
processes occurring in orga-
nically fertilized environ-
ments.

Pellets

F1: phytoplankton
biomass

F2: photosynthesis

PO4 NH4

F3:

F4: organic matter
accumulation

Nutrients

O2

pH

Uneaten
pellets

Feces

F5:  decomposition

O2
Uneaten
pellets

F5:  decomposition

Figure 3 Main ecological
processes occurring in feed-
driven environments.
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a higher rate in the fertilized than in the feed-driven
environments (Fig. 1). In P, the quantity of organic
matter inputwas lowerandmuch soat the beginning
when the ¢shwere small. Moreover, onlya fraction of
the feed remained unconsumed. For example, in the
¢rst week, P received 240 g of feed pond�1day�1. As
only15% sediments as uneaten feed (Boyd & Tucker
1995) and 30% of the ingested feed is excreted (Por-
ter, Krom, Robbins, Bricknell & Davidson1987), only
about 97 g pond�1day�1would form organic matter
at the bottom. On the other hand, C and G received at
least 1kg of organic input (from organic fertilizer)
pond�1day�1. The higher organic matter input in C
and G than in P, especially in the ¢rst weeks of cul-
ture when feed quantities were low, resulted in high-
er decomposition rates (F5) during which larger
amounts of nutrients were released (F3). For exam-
ple, assuming 16% N in the 25% protein feed, only
4 g Npond�1day�1would be released upon decom-
position of the 97 g organic matter, whereas assum-
ing complete decomposition of 1kg chicken manure
(2.5% N content), 25 g Npond�1day�1 would be re-
leased in C. Consequently, larger amounts of nutri-
ents would became available for photosynthesis (F2),
resulting in higher phytoplankton biomass (F1).
Higher organic inputs in C and G did not result in
more organic matter accumulation on the bottom
(F4), because of e⁄cient microbial processes (Ma-
clean, Brown, Ang & Jauncey 1994), which result in
rapid organic decomposition (Smith 1996). Microbes
responsible for organic matter decomposition are
present in all ponds; their numbers increase with an
increase of organic matter (Boyd 1998; Gasol &
Duarte 2000) and can process organic matter at the
same rate as it is precipitated (Schroeder1987).
As the culture period progressed, ¢sh weights in-

creased and feed amounts in treatment P were regu-
larly adjusted upwards with the increase of ¢sh
weights.With an increase of feed amounts with time,
the quantity of organic matter (F4) input from unea-
ten feed and faecal matter also increases. Expectedly,
decomposition rates (F5) and nutrient release (F3)
should increase too, approaching levels of those re-
leased in C and G, and result in increased rates of
photosynthesis (F2) and plankton biomass (F1). How-
ever, the rate of the processes still remained lower in
P (Fig.1), which could be explained by the double ¢sh
biomass in P. Consumption of natural foods by the
higher ¢sh biomass can maintain the phytoplankton
biomass lower in P.With a lower phytoplankton bio-
mass, organic matter input from phytoplankton
sedimentation would also be lower, maintaing

heterotrophic and autotrophic activities lower too.
This, on the other hand, implies similar rates of nat-
ural food consumption in both feed driven and orga-
nically fertilized environments, and disputes the
study hypothesis that natural foods are less utilized
in feed-driven environments. Similar observations
have been reported in previous studies where natural
foods accounted for a great percentage (50^80%) of
tilapia growth, both in fertilizer and in feed-driven
environments (Schroeder1983; Schroeder et al.1990;
Knud-Hansen et al. 1993; Lochman & Phillips 1996).
The question therefore is whether the pellet feeds
are e⁄ciently utilized or are an expensive pond ferti-
lizer (Green, El Nagdy & Hebicha 2002). The results
further contribute toward the on-going debate on
the merits of supplementary or complete feeds in
semi-intensive tilapia culture in the tropics (Green
1992; Shang1992) where feed costs are amajor factor
limiting ¢sh production (Omondi, Gichuri & Veverica
2001). Further investigations on food selection in
feed and organically fertilized environments could
o¡er useful information on this debate.

Conclusion

The trophic structure in organically fertilized and fed
ponds is similar (Figs 2 and 3), as autotrophic and
heterotrophic pathways are important processes in
both environments, providing natural foods that are
a main part of the diet in both environments. The re-
sults support previous indications that with equal
nutrient inputs and stocking densities, manure-dri-
ven environments could perform equally well as
feed-driven environments. Further, they support
emerging evidence that supplemental feeds may not
be well utilized by ¢sh in outdoor stagnant ponds.
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