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a b s t r a c t

Due to the production of toxins, cyanobacteria may adversely affect economically important fish such as

Nile tilapia Oreochromis niloticus in tropical lakes. We studied the diet composition and factors affecting

the diet of Nile tilapia in two tropical lakes where cyanotoxins were present. Particle-bound microcystins

were present in all analysed water samples, ranging in concentration from 0.00012 to 1.11 and from

0.006 to 0.254 mg L�1 in Murchison Bay in Lake Victoria and Lake Mburo, respectively. Detritus and

phytoplankton were the main dietary components of the Nile tilapia, with phytoplankton contributing to

over 30% by volume of stomach contents. The cyanobacteria Microcystis spp., which are also the most

likely source of microcystins in the lakes, accounted for more than 80% of ingested phytoplankton.

Microcystis spp. were also the most abundant cyanobacteria in both lakes (460%). We found no

significant relationship between the contribution of phytoplankton in Nile tilapia diet and the

concentration of microcystins in the water but we found a close association between water transparency

and the contribution of insects to Nile tilapia diets in Murchison Bay. Our results further show that none

of the other measured environmental variables was a good predictor of diet items in Nile tilapia. Adult

Nile tilapia in our study lakes, rely heavily on filter feeding, particularly under conditions of low water

transparency, trapping detritus and phytoplankton cells especially colonies. They can ingest more

mobile prey like insects and insect larvae when the water transparency and visibility increases.

& 2010 Elsevier GmbH. All rights reserved.
Introduction

Phytoplankton communities of eutrophic tropical lakes are
often dominated by cyanobacteria that can form dense blooms
(Gragnani et al., 1999), which, are often enhanced by nutrient
runoff from human waste disposal and poor agricultural practices.
Cyanobacterial blooms can cause a variety of problems in aquatic
ecosystems, such as hypoxia and clogging of fish gills. Many
cyanobacteria including the genera Microcystis and Anabaena also
produce toxic bioactive compounds like the hepatotoxic micro-
cystins and the neurotoxic anatoxin a, that are harmful to both
humans (Carmichael, 2001) and fish (Malbrouck and Kestemont,
2006). In lakes with high concentrations of cyanobacteria, filter
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feeding zooplankton (Gragnani et al., 1999) and herbivorous fish,
including Nile tilapia, silver carp, and bighead carp, may act as
top–down controls of cyanobacteria, reducing algal populations
by up to 93% of a cyanobacterial (Microcystis spp.) bloom (Kaihong
et al., 2006).

The Nile tilapia (Oreochromis niloticus, L.) has been classified as
a herbivorous filter-feeder in various studies (Moriarty et al.,
1973). Studies on Nile tilapia in crater lakes (Bwanika et al., 2004)
and Oreochromis spp. in Lake Victoria and Kyoga lake basins
(Nagayi-Yawe et al., 2006) show that cyanobacteria can con-
tribute over 51% of fish diets. Nile tilapia are able to assimilate up
to 70–80% of ingested carbon from the cyanobacteria Microcystis

spp., as compared to o50% for green algae (Moriarty
and Moriarty, 1973). Several experimental studies have also
reported higher filtration rates for cyanobacteria than green
algae, probably on account of their larger particle size in the
form of aggregates like colonies (Northcott et al., 1991; Turker
et al., 2003).

For some fish however, there are doubts about their ability to
utilise cyanobacteria (e.g. Kamujunke et al., 2002). Kamujunke
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et al. (2002) showed that cyanobacteria such as Microcystis spp.
were a poor contributor to growth of juvenile roach (Rutilus

rutilus) compared to Aphanizomenon spp. probably due to their
poor digestibility. Cells of cyanobacteria with a mucous cover like
Microcystis spp. can pass through fish guts undigested
(Kamujunke et al., 2002). The main problem however, may
be that cyanobacteria produce bioactive intracellular and
extracellular compounds that may make them unattractive to
grazers (Keshavanath et al., 1994) or even toxic for fish consuming
them (Gupta and Guha, 2006). Various studies on lakes
(Ochumba, 1990) and fish ponds (Jewel et al., 2003) have
associated cyanobacteria blooms with massive fish deaths.
However, incidents of mass fish mortalities are also often
associated with indirect bloom effects such as increased ammonia
concentration (Bury et al., 1995), oxygen depletion (Ochumba,
1990), and high pH (Wiegand and Pflugmacher, 2005), rather than
cyanobacterial toxins.

Upon ingestion and digestion of toxic cyanobacteria, cyano-
toxins are released, and tend to accumulate in fish liver, muscles,
and viscera (Mohamed et al., 2003, Chen et al., 2006). The effects
of consumption of microcystins in fish are quite similar to those
observed in mammals, i.e. the disruption of hepatocyte structure,
apoptosis, liver necrosis, internal haemorrhage (Malbrouck and
Kestemont, 2006), lowered growth rate (Bury et al., 1995), and
reduced reproduction success (Baganz et al., 2004). Early life
stages of fish are normally the most susceptible to the effects of
cyanobacteria toxins (Malbrouck and Kestemont, 2006).

Ingestion of cyanobacterial cells is the most important route of
cyanotoxin uptake by fish (Tencalla et al., 1994). Laboratory
studies show that fish may minimise uptake of cyanotoxins
by lowering their grazing rates on toxin containing cells
(Keshavanath et al., 1994). There is no field evidence for this to
our knowledge, especially in eutrophic topical lakes such as Lake
Victoria where blooms often occur all year round (Haande, 2008).
Studies on Nile tilapia in Lake Victoria indicate that owing
to various ecological and environmental changes, including
eutrophication, there can be a shift in fish diet into a more diverse
diet (Njiru et al., 2004). Nonetheless, cyanobacteria are still a
major constituent of the Nile tilapia diet in Lake Mburo and Lake
Victoria (Bwanika et al., 2006), In light of recent reports on
microcystins in these lakes (Sekadende et al., 2005; Okello et al.,
2009; Semyalo et al., 2010), we may begin to observe an effect of
these cyanotoxins on the contribution of phytoplankton to Nile
tilapia diet.

We investigate the diet compositions and factors affecting the
diet of Nile tilapia in two tropical eutrophic lakes where
microcystins are present, Lake Victoria and Lake Mburo, Uganda.
In these lakes the cyanobacterium Microcystis aeruginosa has been
proposed as the most likely source of observed microcystins
(Haande et al., 2007; Okello et al., in press). We also specifically
sought to investigate the composition of phytoplankton (with
special focus on cyanobacteria) in the fish diets.
Materials and methods

Our study was carried out in two Ugandan freshwater bodies;
Lake Mburo and Murchison Bay, Lake Victoria between July 2004
and December 2005.

Study sites

Lake Mburo is a shallow lake with maximum depth of 4 m and
an average depth of 2 m. The surface area is approximately
13 km2. The lake is located between 001300–001450S and 451000–
311050E at an average altitude of 1210 m within the protected
Lake Mburo National Park in western Uganda. The park consti-
tutes a major part of the lake’s catchment. Besides wildlife,
fishing, particularly of Nile tilapia, is an important economic
activity in this lake. Lake Mburo has a large wildlife population,
notably a large population of over 1000 individuals of the
herbivore Hippopotamus amphibius that reside mainly in and
around the lake. It is likely that the hippos release their waste into
the lake. Studies on this lake have been largely restricted to
wildlife communities around the lake and little work has been
carried out on the phytoplankton, zooplankton, and fish commu-
nities due to its restricted access. The phytoplankton community
structure of Lake Mburo indicates that cyanobacteria constitute
�90% of the phytoplankton community and that cyanobacteria of
the genus Microcystis (�60%) and the genus Anabaena (�20%)
make up 480% of the cyanobacteria in the lake (Byarujali, 1995).

Lake Victoria is the world’s largest tropical freshwater lake
covering an area of 68,800 km2 and supporting a population of
over 30 million people in its catchment. In the last 50 years, the
lake has undergone wide scale eutrophication, characterised by a
loss of deep-water oxygen, dominance of bloom-forming cyano-
bacteria and losses in fish biodiversity (Verschuren et al., 2002).
Cyanobacteria blooms are most prominent in areas close to shore,
e.g. Winam Gulf (Ochumba and Kibaara, 1989), Mwanza Gulf
(Sekadende et al., 2005), and Murchison Bay (Haande, 2008) .

Murchison Bay is only 8 km east of Kampala, the capital city of
Uganda, and lies between latitude 001150N–001180N and longitude
321330E–321410E at an altitude of 1135 m. The bay covers an area
of about 200 km2 and is divided into two parts; the inner bay
(18 km2) and the outer bay separated by a narrows. Average
depth of the inner bay is 3.2 m. The study site was located in the
inner bay where the depth was approximately 3 m. Fishing and
boat transport are the most prominent economic activities within
this bay. Main fisheries include: Nile tilapia, Nile perch (Lates

niloticus), and silver cyprinid (Rastrineobola argentae). Studies on
the phytoplankton community structure of Murchison Bay
indicate that cyanobacteria constitute �60% of the phytoplankton
community and that cyanobacteria of the genus Microcystis (31%)
and the genus Anabaena (20%) make up 450% of the cyanobac-
teria in the inner Murchison Bay (Haande, 2008).
Fish diet composition

To study the diet composition of O. niloticus in the two lakes,
we collected fish samples using multimesh nylon gill nets, also
known as Nordic survey nets (Appleberg et al. 1995) with 12
sections of 5.0, 6.25, 8.0, 10.0, 12.5, 15.5, 19.5, 24.0, 29.0, 35.0,
43.0, and 55.0 mm mesh, net depth 5 and 2.5 m length of each
section. During each sampling the nets were set for a maximum
period of 1 h, during which time they rapidly filled up.
Pilot fishing trials were conducted for a three day period to
determine fishing sites with the largest possible catch of Nile
tilapia. We conducted the fishing once a month during the study
period. We could not set fishing nets close to the shore in Lake
Mburo because of hippopotami. Nets were therefore set in
deeper waters where small sized fish (o15 cm total length) were
very scarce.

Captured fish were identified to species level (except halpo-
chromines) and weighed. Nile tilapia were identified and weighed
and total length was measured. The stomachs of samples of Nile
tilapia were then removed and preserved in formalin. Stomach
contents were analysed under a stereo microscope and
phytoplankton identification and enumeration was carried out
with the help of an inverted compound microscope. Estimation of
stomach content composition was done using volumetric
methods (Hynes, 1950).
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Physico-chemical and biological environment

During the fish sampling, physico-chemical water measure-
ments were taken at 1 m depth intervals. We measured water
temperature, dissolved oxygen, using a hand held dissolved
oxygen meter (YSI 85, Yellow Spring Instruments), and water
transparency using a black and white Secchi disc with a diameter
of 20 cm. We filtered 100 ml of surface water through GFC filters
that were wrapped in aluminium foil and kept in an ice box for
24 h before chlorophyll analysis. Chlorophyll a was extracted
using methanol and measurements made using a spectrophot-
ometer, following basic methods (Lorenzen, 1967). Integrated
water samples (100 cm3) were filtered through a GFC filter for
measurement of particle bound microcystin concentration at each
site. Filters were wrapped in aluminium foil and placed in an ice
box, then transported to the laboratory and stored in a freezer. In
the laboratory, filters were placed into a reaction tube and the
extraction agent (75% methanol and 25% distilled water) added
and shaken vigorously at room temperature for 30 min.
The resulting extract was then decanted into an evaporation
flask. The extracts were centrifuged at 500g to remove any
particles. The extract was then kept at �18 1C prior to analysis.
Analysis of all samples for microcystins was done using liquid
chromatography coupled with mass spectroscopy. Microcystins
LR, YR, and RR in phytoplankton extracts were quantified in
positive ESI mode and single-ion monitoring using the ions 995.5,
1045.5 [M+H]+, and 519.8 [M+2H]2 +. The resulting measure-
ments were presented as a total of all microcystins.

Water samples for phytoplankton were collected using a one
litre horizontal Van Dorn water sampler for identification and
quantification of the different cyanobacteria groups in the study
area. 100 ml of the collected water sample were stored in opaque
glass bottles; 5 ml of Lugol’s iodine was added to preserve the
algal cells. Identification of algae groups was carried out to genus
level. Enumeration of algal cells was done by inverted microscope
method (Lund et al., 1958) using a Sedgwick rafter cell.
Fig. 1. Percent volume contribution (+S.E.) of major food items to diets of fish in

Lake Mburo (n¼22) and Murchison Bay, Lake Victoria (n¼44).
Statistical analysis

Diet composition of Nile tilapia was estimated as stomach
content to the nearest ml and converted to percent by volume
(Hynes 1950). Cells of each phytoplankton genus in each
subsample of stomach contents were enumerated to obtain
percent number (%N). The percent frequency of occurrence for
each group in the samples (%FO) (Magalhaes et al., 2003) was
obtained as well as the percent volume (%V) calculated from
known species biovolume estimates (Hillebrand et al., 1999). A
comparison between major food items for fish in the two lakes
was done by Spearman rank correlation. The electivity index,
log Q (Jacobs, 1974), was used to measure selection for cyano-
bacteria:

Q ¼
rð1�pÞ

pð1�rÞ

where r is the fraction of an algae group in the stomach and p is
the fraction of that group in the lake plankton and log Q varies
symmetrically from �N to 0 for negative selection, from 0 to +N
for positive selection. We used forward-stepwise multiple linear
regression analysis using the statistical package R (R Development
Core Team, 2008) to test relationships between measured
environmental variables (water transparency, dissolved oxygen,
surface temperature, chlorophyll a and microcystin concentra-
tion) and Nile tilapia diet composition. Pearson’s moment
correlation and Wilcoxon rank sum test were used for various
comparisons among and between environmental variables and
diet items.
Results

Catch statistics

O. niloticus made up 18.6% (n¼45) and 25.7% (n¼34) of total
biomass caught in Murchison Bay and Lake Mburo, respectively.
Other major fish species caught in Lake Mburo included
O. esculentus (61.7%), Haplochromines (10.1%), O. variabilis

(6.6%), O. leucostictus (2%), and R. argentae (1%). Major fish species
caught in Murchison Bay included L. niloticus (31.85%),
Haplochromines (19.9%), Bryocynus sp. (11.5%), R. argentae

(7.8%), and Tilapia zilli (3.3%). In both study areas, despite their
low contribution to total biomass of fish caught, small fishes like
the haplochromine cichlids, Bryocynus spp., and R. argentae were
the most abundant by number in the catches. Catches of other
Oreochromis spp. were too low, particularly in Murchison Bay, to
be used in this study.

General diet

Detritus and phytoplankton were the most abundant diet
items in the stomachs of Nile tilapia, constituting 77% in Lake
Mburo and 83% in Murchison Bay (Fig. 1). Other dietary items
identified included insects (Chironomidae only), zooplankton, fish
scales, stones, and fish eggs. The relative importance of all food
items by percent volume contribution was highly correlated
between the two lakes (Spearman Rank correlation rs¼0.986).

Observations on all fish stomachs analysed show that juvenile
Nile tilapia (TLo200 mm) consumed a significantly larger
percentage of detritus than adult Nile tilapia (TL4200 mm)
(W¼131, po0.05) and a lower percentage volume of zooplankton
(W¼287, po0.05), but do not show any significant differences in
amount of phytoplankton, insects, and other items in their diet
(p40.05). Detritus was the most abundant food item in stomachs
of juvenile fish followed by phytoplankton, insects, and zooplank-
ton whereas adults tended to ingest comparable amounts of
detritus, phytoplankton, and insects (Fig. 2).

Stepwise multiple linear regression analysis of environmental
variables (water transparency, dissolved oxygen, surface
temperature, chlorophyll a, and microcystin concentration) as
predictor variables and dietary items (detritus, phytoplankton,
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insects, zooplankton, and others) as dependant variables showed
water transparency had a positive association (R2

¼0.8, F¼56.2,
po0.001) with insects in the diets of fish obtained from the
Murchison Bay.

Phytoplankton in diet

Quantitative analysis of the phytoplankton found in the
stomachs of Nile tilapia (Table 2) revealed that the group
Cyanophyceae was the most dominant phytoplankton by
Fig. 2. Dietary contribution by percent volume contribution of food items (+S.E.)

in Nile tilapia across three size classes in: (a) Lake Mburo 15–20 (n¼2), 20–25

(n¼9), 425 (n¼11); (b) four size classes 9–14 (n¼7), 15–20 (n¼27), 20–25

(n¼4), 425 (n¼6) in Murchison Bay, Lake Victoria.

Table 1
Mean values of dissolved oxygen, water transparency (Secchi), surface temperature (1C

Bay, and Lake Victoria, respectively, measured during the different seasons from July 2

Environmental variable n Dry season
(January–February)

Lake Mburo
DO (mg L�1) 54 7.6

Secchi (M) 18 0.36

Chlorophyll a (mg L�1) 11 66.73

Surface temp (1C) 25.30

MCs concentration in water (mg L�1) 17 0.064

Murchison Bay
DO (mg L�1, % saturation) 72 6.8

Secchi (M) 18 0.36

Chlorophyll a (mg L�1) 17 43.05

Surface temp (1C) 28.75

MCs concentration in water (mg L�1) 16 0.400
volume in the stomachs of fish captured in Lake Mburo (92%)
and Murchison Bay (98%). Chlorophyceae contributed 7% by
biovolume in fish from Lake Mburo, and less than 1% in Murchison
Bay fish. Bacillariophycea, Chrysophyceae, and Gamophyceae
each made up less than 1% biovolume in fish from both lakes
(Table 2). Among the Cyanophyceae, the genus Microcystis was the
most prominent contributing 480% of ingested cyanobacteria in
fish stomachs from Lake Mburo and Murchison Bay.
Environmental variables

Although we observed monthly differences in all measured
environmental variables we did not find any statistically sig-
nificant seasonal differences (p40.05) in either study area
(Table 1).

Analysis of the phytoplankton community composition in
lakes showed that Cyanophyceae were the most abundant group
by biomass (Fig. 3) and that Microcystis spp. (62% and 76%) were
the most abundant group of Cyanophyceae in Lake Mburo and
Murchison Bay, followed by Anabaena spp. (24% and 20%) and
Aphanocapsa spp. (12% and 3%). There was a close correlation
between composition of Cyanophyceae in lakes and composition
of ingested Cyanophyceae (Pearson’s r¼0.6457, po0.001). Our
results show that there was a high selection for the phytoplankton
group Microcystis (log Q43.0, Table 3) as compared to other
major groups of ingested Cyanophyceae.

Microcystins (RR, LR and YR) were present in both lakes during
all seasons of sampling (Table 1). In Lake Mburo, the highest value
of microcystin concentration (0.254 mg L�1) was recorded in July
and the lowest (0.006 mg L�1) in September. In Murchison Bay,
the highest value of microcystin concentration (1.11 mg L�1) was
recorded in December and the lowest (0.00012 mg L�1) in April. In
both study areas the highest mean levels of microcystins were
recorded during the second wet season (September–December)
and the lowest mean measurements during the first wet season
(March–May) (Table 1).

In Lake Mburo, mean seasonal water temperature measure-
ments showed peaks during the wet seasons of March–May and
September–December (Table 1). Water temperatures varied by up
to 21 during the time of study, with higher temperatures (425 1C)
recorded during February (dry season), May, and October (wet
season) and lower temperatures (o24 1C) in January and July (dry
season). Differences of less than 1 1C between the different depths
on days of sampling suggested a well mixed water environment
throughout the year. As shown in Table 1, mean seasonal water
temperatures in Murchison Bay varied between 25 and 30 1C. The
lowest mean temperatures were recorded in June–August and
), surface chlorophyll a and microcystins concentration for Lake Mburo, Murchison

004–December 2005 (na¼not available).

Wet season Dry season Wet season
(March–May) (June–August) (September–December)

9.7 9.4 5.6

0.32 0.32 0.34

58.09 65.12 67.55

25.33 24.45 25.12

0.110 0.195 (Jun-na) 0.225

7.4 5.4 5.4

0.82 0.62 0.55

35.97 43.80 38.00

26.87 25.33 30.03

0.197 (May-na) 0.224 0.682



Table 2
An analysis of the different phytoplankton groups identified in the stomachs of

fish captured in Lake Mburo (n¼22) and Murchison Bay, Lake Victoria (n¼44),

giving percentage in volume (V¼total biovolume), number (N¼number of cells)

and frequency of occurrence (FO¼number of fish with item in stomach).

Genus Lake Mburo Murchison Bay

%V %N %FO %V %N %FO

Chrysophyceae
Chrysococcus spp. 0.01 0.01 6 0 0 0

Chrysocapsa spp. 0.01 0.2 12 0.01 0.02 3

Cyanophyceae
Planktolyngbya spp. 0.1 1 71 0.02 0.3 58

Aphanocapsa spp. 2 7 53 0.03 0.2 13

Cylindrospermopsis 0.03 0.4 24 0 0 0

Microcystis 82 67 88 87 67 97

Chroococus 0.5 1 47 0.02 0.07 6

Merismopidia 0.1 4 59 0.37 10 68

Anabaena 2.5 5 47 8 15 65

Coelosphaerium 0.4 2 18 0.1 0.4 6

Aphanizomenon 0.004 0.01 6 0 0 0

Gomphosphaeria 5.196 4 6 3 2 3

Phormidium 0.01 0.01 6 0 0 0

Anabaenopsis 0.01 0.04 6 0 0 0

Spirulina 0.01 0.1 24 0.06 0.8 13

Anacystis 0.02 2 6 0 0 0

Plectonema 0 0 0 0.01 0.01 3

Limnothrix 0 0 0 0.02 0.01 3

Oscillatoria 0 0 0 0.01 0.05 10

Wothrix 0 0 0 0 0.4 16

Chlorophyceae
Scenedesmus 0.01 2 76 0.12 1 29

Sphaerocystis 0.1 2 29 0.4 1 6

Pediastrum 6 0.04 18 0.05 0.03 23

Selenastrum 0.01 0.02 6 0 0 0

Oocystis 0.01 0.1 6 0 0 0

Spirogyra 0.2 0.1 6 0 0 0

Volvox 1 0.02 6 0 0 0

Coelastrum 0 0 0 0.01 0.01 13

Tetraedron 0 0 0 0.01 0.01 3

Ankistrodesmus 0 0 0 0.02 0.5 32

Oedogonium 0 0 0 0.02 0.05 3

Ulothrix 0 0 0 0.1 0.1 23

Bacillariophyceae
Melosira 0.02 0.4 29 0.1 0.1 29

Flagillaria 0 0 0 0.02 0.1 6

Navicula 0 0 0 0.4 1 35

Nitzschia 0.01 0.05 12 0.07 0.7 61

Diatoma 0 0 0 0.01 0.03 10

Tabellaria 0 0 0 0.01 0.03 10

Gamophyceae
Netrium 0 0 0 0.7 0.01 3

Zygnema 0.05 0.06 6 0.01 0.01 3

Closterium 0 0 0 0.01 0.01 3

Staurastrum 0 0 0 0.01 0.01 6

Fig. 3. Mean biomass estimates (+S.E.) of dominant phytoplankton groups in Lake

Mburo (n¼18) and Murchison Bay, Lake Victoria (n¼18) from monthly

measurements (July 2004–December 2005).

Table 3
Selectivity index log Q of the major groups of cyanobacteria found in the diets of

Nile tilapia fish in Lake Mburo (n¼22) and Murchison Bay, Lake Victoria (n¼44).

N/A¼not available.

Genus Selectivity index (log Q)

Lake Mburo Murchison Bay

Min Mean Max Min Mean Max

Microcystis 3.56 3.92 3.99 2.99 3.87 3.99

Anabaena �1.26 0.93 3.06 �1.22 1.75 3.64

Aphanocapsa 2.06 2.14 2.21 N/A N/A N/A

Other cyanobacteria �0.39 0.89 3.48 �0.22 �0.11 0.00
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the highest in September–December. The water column in the
shallow part of the bay was mostly fully mixed throughout the
year.

Mean levels of dissolved oxygen saturation in Lake Mburo
varied from 59% to 103% (Table 1). Only in December did the
percent saturation drop below 60%. In Murchison Bay, mean levels
of dissolved oxygen saturation varied from 58% to 78% saturation
in February (Table 1). For most of the year, DO saturation was
above 60% at all depths, with exception of June–August when near
anoxic conditions (o2 mg L�1,o20% saturation) were recorded
1 m from the bottom of the water column.

The water transparency of Lake Mburo was low with secchi
depth measurements ofo0.5 m (Table 1). In Murchison Bay,
water transparency was also low with a secchi depth ranging
from 0.3 to 0.9 m (Table 1). The highest levels of chlorophyll a
(98.2 mg L�1) in Lake Mburo were recorded during the second wet
season in September and the lowest (44.7 mg L�1) in the first wet
season in May. We also observed high amounts of suspended
material (silt). The highest level of chlorophyll a (51.8 mg L�1) and
the lowest levels (37.6 mg L�1) in Murchison Bay were recorded
during the second wet season in the months of September and
November, respectively. We also observed high amounts of
suspended material (silt) in the water.
Discussion

Phytoplankton and detritus are the main dietary items found
in the stomachs of Nile tilapia from both Lake Mburo and
Murchison Bay. The presence of detritus, insects, zooplankton,
and other diet items like fish eggs, provides evidence for a
generalist/omnivorous feeding strategy for the Nile tilapia in the
study lakes. It is also likely that the high proportions of detritus
compared to other food items in the diet including phytoplankton
was a consequence of Nile tilapia foraging close to the sediment
(Balirwa, 1992). In general, phytoplankton contributed up to a
third of the total food items ingested, and was consumed mostly
by the adult Nile tilapia (420 cm TL), which have a better ability
to ingest and digest large and tough phytoplankton cells (Lu et al.,
2004). Nile tilapia consumed phytoplankton from at least five
different groups: Cyanophyceae contributed the largest percen-
tage ingested (Table 2).

The contribution of phytoplankton to the diet of Nile tilapia
(�30%) was comparable to previously observed results for Lake
Mburo (43%) but not for Lake Victoria (6%) (Bwanika et al., 2006).
Bwanika et al. (2006) attributed the difference in phytoplankton
contribution to diet between the two lakes to a cascading effect of
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the piscivorous Nile perch: Nile tilapia in lakes without Nile perch
were found to have a less omnivorous diet than lakes with Nile
perch. Although Nile perch is present in Murchison Bay, the
amount of phytoplankton in adult Nile tilapia diet in our study
was not different from those in Lake Mburo, where Nile perch is
absent. However, Bwanika et al. (2006) also suggest that
environmental conditions that lower visibility, such as low water
transparency, may provide refugia for fish from Nile perch
predation, which would increase the competition for other food
resources with other fish species, thereby restricting the Nile
tilapia to a more herbivorous diet. We believe our findings are
consistent with this assumption, especially in Murchison Bay,
where we also observed a significant relationship (po0.001)
between water transparency and amount of insects in Nile tilapia
diet. In addition to a reduction in competitors due to Nile perch
predation, an increase in water transparency may allow fish to
engage in active pursuit to include a variety of animal and plant
materials in their diet (Moriarty et al., 1973).

The sampling sites used in this study were shallow (o5 m) and
located in open water away from the littoral zone. The water column
in both study areas was well mixed with a low water transparency,
as a result of high phytoplankton biomass (Kayiira, 2007; Haande,
2008) and high quantity of suspended silt. These conditions may
also explain the high abundance of phytoplankton and detritus and
the total lack of food items associated with littoral-like plant
material (Bwanika et al., 2006) in fish diets. Water transparency was
the only environmental variable that was closely associated with
diet items for the Nile tilapia. Although we observed variation in
other environmental variables both between and within seasons
they were not statistically significant (Table 1). The absence of
strong seasonal patterns is common in tropical lakes, and biological
processes seem more relevant than physical and chemical processes
in controlling food web dynamics.

The composition of the cyanobacteria in Nile tilapia diet was
dominated by Microcystis spp., which is a likely source of known
microcystins in these lakes. Nonetheless, we were unable to
establish a relationship between microcystin concentrations and
the amount of phytoplankton in Nile tilapia diets (p40.05). We
did not find any evidence for avoidance of Microcystis spp. in
relation to the presence of microcystins in the lake. Instead, we
found that the proportion of Microcystis spp. in fish stomachs
(480%) was higher than its proportion in the phytoplankton
community (62–76%) suggesting that it is selected for (Table 3) by
some kind of mechanism in the feeding strategy of the Nile tilapia.
One explanation for this could be that Microcystis spp. tend to
form large colonies that are more efficiently ingested by a filter-
feeding fish like Nile tilapia than single cells (Turker et al., 2003),
especially by the adults. This would explain why Microcystis and
Anabaena are the most dominant phytoplankton ingested by the
Nile tilapia in several Ugandan lakes (Bwanika et al., 2006).

Although only a few studies have been conducted on the
microcystin production potential of cyanobacterial communities of
Lake Mburo (Okello et al., in press), Murchison Bay (Haande et al.,
2007), and other inland waters of Lake Victoria (Krienitz et al., 2002;
Sekadende et al., 2005), they report microcystins in the water at
levels comparable to our findings, suggesting that the cyanobacter-
ium M. aeruginosa is the most probable source for these bioactive
compounds. Previous work on carbon assimilation of algae (Moriarty
and Moriarty, 1973) shows that Nile tilapia are able to digest and
assimilate carbon from cyanobacteria of the genus Microcystis and
Anabaena. Thus, an increase in toxin-producing cyanobacteria within
the water would result in an increase in the uptake microcystins
over the gastrointestinal tract (Tencalla et al., 1994). Several field
studies with Nile tilapia have shown that ingested microcystins can
be assimilated, ending up in fish tissue (Magalhaes et al., 2003;
Mohamed et al., 2003; Deblois et al., 2008).
The Nile tilapia plays an important role as a primary consumer
in the aquatic food chain of these lakes (Balirwa, 1992; Bwanika
et al., 2006) and it is an important source of protein to higher
predators like humans and birds of prey. The presence of harmful
bioactive compounds from cyanobacteria such as microcystins in
their tissues increases the chances of microcystin accumulation
and transfer higher up in the food chain, which may result in a
decline of the Nile tilapia fishery and fatalities especially for avian
life. Studies are required to ascertain the level of microcystins in
Nile tilapia tissue from these lakes and an assessment of the
potential health risk faced by humans living off this fishery. The
presence of microcystins in the water in our study lakes, on some
occasions with levels 41.0 mg L�1 is also a great health risk for
humans consuming this water in its raw form (Carmichael, 2001)
and should be addressed through continuous monitoring and
water treatment.
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