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Abstract Possible causes of the increased algal

blooms in Lake Victoria in the 1980s have been

disputed by several authors; some suggested a top-

down effect by the introduced Nile perch, whereas

others suggested a bottom-up effect due to eutrophi-

cation. In this article the potential impact is established

of grazing by fish on phytoplankton densities, before

the Nile perch upsurge and the concomitant algal

blooms in the Mwanza Gulf. The biomass and trophic

composition of fish in the sublittoral area of the

Mwanza Gulf were calculated based on catch data

from bottom trawls, and from gill nets covering the

whole water column. Estimates of phytoplankton

production in the same area were made from Secchi

values and chlorophyll concentrations. The total

phytoplankton intake by fish was estimated at

230 mg DW m-2 day-1. The daily gross production

ranged from 6,200 to 7,100 mg DW m-2 day-1 and

the net production from 1,900 to 2,200 mg

DW m-2 day-1. Thus, losses of phytoplankton

through grazing by fish were about 3–4% of daily

gross and 10–12% of daily net phytoplankton produc-

tion. As a consequence it is unlikely that the phyto-

plankton blooms in the second half of the 1980s were

due to a top-down effect caused by a strong decline in

phytoplankton grazing by fish.
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Introduction

Due to human activities, eutrophication of Lake

Victoria has been increasing since the 1920s (Hecky,

1993; Hecky et al., 1994, 2010; Scheren et al., 2000;

Lung’ayia et al., 2001; Verschuren et al., 2002). Since

the 1980s, algal blooms and shifts towards cyanobac-

teria dominance have been observed (Ochumba &

Kibaara, 1989; Hecky, 1993; Mugidde, 1993; Ver-

schuren et al., 2002). Decomposition of algae that had

sunk to the bottom contributed to a serious decrease in

dissolved oxygen concentrations (Ochumba & Kiba-

ara, 1989; Hecky et al., 1994).

In the Mwanza Gulf, increased algal blooms and

decreased water transparency and oxygen concentra-

tions were observed concomitantly with the upsurge of

the introduced predator Nile perch Lates niloticus (L.)

(Wanink et al., 2001; Witte et al., 2005). Between

1983 and 1987, Nile perch increased in abundance

until it contributed more than 90% to the demersal fish

catches in the sublittoral and offshore waters. Simul-

taneously, the haplochromine cichlids, which used to

make up more than 80% of the catches, almost

vanished and the trophic diversity of the fish fauna

decreased strongly (Witte et al., 1992, 2007a, b;

Goudswaard et al., 2008). By 1987 the phytoplank-

tivorous and detritivorous cichlids that previously

dominated the ichthyomass in sublittoral areas had

disappeared almost completely (Witte et al., 1992,

2007b). A considerable part of the diet of these two

trophic groups consisted of phytoplankton, especially

diatoms and cyanobacteria (Goldschmidt et al., 1993;

Kishe-Machumu et al., 2008). In the diet of the

phytoplanktivores, cyanobacteria dominated. They

were shown to be digestible by tilapiine and haplo-

chromine cichlids at stomach pH values below 2.0

(Moriarty et al., 1973).

Between 1988 and 2005 some detritivorous species

showed a slow recovery, but the number of individuals

was low compared to those in the past (Witte et al.,

2007a, b). Moreover, the resurging species did not

feed on phytoplankton anymore (Kishe-Machumu

et al., 2008).

The ecological changes in Lake Victoria triggered

debates about their potential causes, including the

roles of bottom-up and top-down effects (Kilham &

Kilham, 1990; Ogutu-Ohwayo & Hecky, 1991; Hecky

& Bugenyi, 1992; Goldschmidt et al., 1993; Ochumba,

1995, Kolding et al., 2008; Hecky et al., 2010). Top-

down effects (e.g. Goldschmidt et al., 1993) would

invoke the eradication of phytoplanktivorous fish by

overfishing and Nile perch predation as the primary

cause of the increase in algal blooms; whereas,

bottom-up effects would be expected from docu-

mented increases in nutrient concentrations in Lake

Victoria (e.g. Hecky et al., 2010). However, thus far no

attempt has been made to quantify the original

biomass of phytoplanktivorous fish and their potential

impact on phytoplankton densities. In this study we

determined the biomass and trophic composition of

the major fish taxa in the entire column of the

sublittoral (6–20 m deep) waters of the Mwanza Gulf

in 1979–1982, just before most of the phytoplanktiv-

orous fish started to disappear. Next, we estimated the

daily intake of phytoplankton by fish in the area, using

these biomass data and data on ingestion rates of

related cichlid species from Lake George (Moriarty

et al., 1973).

Water transparency, photosynthetic rates and chlo-

rophyll a biomass strongly co-vary in Lake Victoria

(Silsbe, 2004; Silsbe et al., 2006) and empirical

relationships based on these co-variations allow

accurate estimates of phytoplankton production from

historical water transparency data and historical

chlorophyll data. By comparing the historical data

on phytoplankton production and phytoplankton graz-

ing by fish, we tried to establish the potential impact of

the change in phytoplanktivorous fish on the algal

biomass in the Mwanza Gulf.

Materials and methods

Fish biomass

Benthic trawl catches and gill net catches covering the

entire water column were used to estimate biomass

and trophic composition of the fish stocks in the

sublittoral areas of the Mwanza Gulf before the

ecological changes. Bottom trawl catches by MV

Mdiria (120 hp, head rope 25 m, cod end mesh

20 mm) recovered 30 hauls of 45 min duration during
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daytime between January 1978 and February 1979 in

the northern part of the Mwanza Gulf (depth range

6–18 m; Fig. 1).

From the head rope length of 25 m and the estimated

speed of 3.5 nautical miles per hour (1 nautical mile =

1,852 m) of MV Mdiria, the swept area was calcu-

lated as:

ð25� 0:33Þ � ð3:5� 1; 852Þ ¼ 53476:5 m2 h�1

¼ 5:35 ha h�1

The correction factor 0.33 for the net opening is based

on estimates that have been made for the gear of MV

Kiboko in the same area (W. van der Hak, pers.

comm.). Due to the soft mud bottom in the Mwanza

Gulf, the effective net opening of bottom trawls is

considerably smaller than on more firm bottoms.

The trophic composition of the catches was

estimated by splitting up the haplochromine and other

fish species according to the main components in their

diet (e.g. Corbet, 1961; Witte & van Oijen, 1990).

Samples of 2–2.5 kg haplochromine cichlids, con-

taining 400–600 individuals, were sorted to species

and trophic level to estimate biomass of different

trophic groups of haplochromine cichlids. The mean

weight of individuals in each trophic group was

calculated from 15 samples from bottom trawl catches.

From these mean weights correction factors were

calculated that were used to convert percentage

trophic composition based on numbers, to percentage

composition based on weight. The biomasses of the

demersal, non-haplochromine trophic groups were

derived from the same trawl catches.

To estimate biomass and community composition

of fish in the water column, gill net catches were made

during 8 days and 8 nights between 17 August 1981

and 18 July 1982 at the 13–15 m deep station G

(Fig. 1). The gill nets consisted of a bottom, mid-water

and top set net. Each net was 60 m long and 1.5 m

deep, and composed of six panels of 10 m, with mesh

sizes of 2.5 cm (100), 3.8 cm (1.500), 5.1 cm (200),
2.5 cm, etc. In addition, a vertical gill net covering the

entire water column was used. This net had a height of

15 m, a width of 5 m and a mesh size of 2.5 cm

(Goudswaard et al., 1995). Gill nets were set from

10.00 to 16.00 h during the day and from 22.00 to

04.00 h at night.

Fig. 1 Map of the study area in the northern part of the Mwanza Gulf. Shaded area was fished with bottom trawls from January 1978 to

February 1979. Asterisk indicates station G where gill nets were set between August 1981 and July 1982
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We calculated the trophic composition in both

vertical and normal gill nets from the numbers of

haplochromine cichlids in the catches per 24-h

session. The catch ability per trophic group differed

depending on gill net type and time of the day. Vertical

nets had higher catches at night than by day. The

reverse was observed in the conventional gill nets.

Therefore, both the horizontal and vertical gill net

catches from day and night were used to calculate the

mean percentage composition of the haplochromine

trophic groups in the entire column. As in the bottom

trawls, this was converted to percentage weight

composition, using the above mentioned correction

factors.

Phytoplankton consumption

To estimate phytoplankton consumption we used the

formulae of Moriarty et al. (1973), who calculated

ingestion rates based on diurnal changes in dry weight

of stomach and intestine contents, for the two main

phytoplanktivorous fish species of Lake George:

H. (Enterochromis) nigripinnis Regan and Oreochr-

omis niloticus (L.).

The quantities of phytoplankton were linearly

related to the weight of the fish:

y ¼ �29:6þ 21:9x; for H: nigripinnis
y ¼ 271þ 13:3x; for O: niloticus

where y is the dry weight (DW) of the phytoplankton

ingested in mg per day and x is the wet weight of fish in

grams. These equations were derived from studies

with H. nigripinnis in the size range of 5–8 cm total

length (TL) and O. niloticus of 15–23 cm TL. Since

much of the biomass of both species in the lake was

made up of individuals within the size ranges studied,

the grazing rate per population was established as:

I¼�n29:6þ21:9B; for H:nigripinnis of 5�8cm TL

I¼ n271þ13:3B; for O:niloticus of 15�23cm TL

in which I is ingestion in mg DW per day in the area

occupied, n is number of fish and B is their biomass in

grams fresh weight. The detritivorous and phytoplank-

tivorous haplochromines from Lake Victoria are similar

to H. nigripinnis in both size and shape. According to

Kudhongania & Cordone (1974b), the Oreochromis

catches in the 1970s in the Mwanza Gulf were a mixture

of O. esculentus (Graham), O. variabilis (Boulenger)

and O. niloticus. Their mean lengths were ranging from

24 to 30 cm TL (Goudswaard et al., 2002), which was

larger than in Lake George. When calculating the

ingestion rate we took into consideration that in most

species phytoplankton was only a part of the diet by

multiplying I with the fraction of phytoplankton in the

diet.

Phytoplankton production and biomass

In the absence of direct measurements of gross and net

phytoplankton production (NPP) in the late 1970s,

these parameters were estimated using historical water

transparency records in the study area, measured

between April 1973 and January 1975 (Akiyama et al.,

1977; Toshio Akiyama, unpublished report Freshwa-

ter Fisheries Institute Nyegezi, Mwanza), and in 1979

(van Oijen et al., 1981). Using both historical and

current limnological datasets on Lake Victoria, Silsbe

et al. (2006) demonstrated that water transparency

(Secchi Depth = SD) is highly correlated (r2 = 0.78)

with phytoplankton chlorophyll concentrations, that in

turn are significantly correlated with gross phyto-

plankton production (GPP) (r2 = 0.83). From these

data an empirical model estimated chlorophyll con-

centrations from water transparency measurements

and then converted these into estimates of daily GPP at

different sites in the study area (Fig. 2; Silsbe, 2004).

GPP is converted into units of carbon by multiplying

by the ratio of molar weight of carbon to oxygen

(12/32) and dividing by a nominal photosynthetic

quotient of 1.2.

Chl (mg Chl m�3Þ ¼ 35:9� SD�1
� �1:66

GPP g O2 m�2day�1
� �

¼ 11:3� tanh 0:2� Chlð Þ
GPP g C m�2 day�1

� �
¼ GPP� 12=32 g C=g O2

� ð1=1:2Þ

The majority of GPP is lost directly through phyto-

plankton respiration. NPP is the amount of GPP not

respired and therefore available to grazers. NPP is

estimated here based on previous measurements of the

ratio of NPP:GPP in Lake Victoria. Limited direct

measurements of GPP and NPP in Mwanza Gulf in

1972 and 1973 showed that NPP was between 81 and

93% of GPP (n = 2, Søren Olsen, unpublished report,

Freshwater Fisheries Institute, Mwanza), while mod-

ern day measurements in three nearshore embayments
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in Lake Victoria showed that an average NPP was 31%

of GPP (n = 22, Silsbe 2004). To convert GPP to NPP

we used the more conservative 31% to yield smaller

values of NPP available to grazing. To convert NPP

into phytoplankton DW, we multiplied NPP by a

factor of 2 to convert mg of C to mg of DW.

NPP (mg DW m�2day�1Þ ¼ GPP � 0:31

(GPP:NPP) � 1; 000 mg C=g C

� 2 mg DW=mg C

As an alternative approach to estimate biomass of

phytoplankton for comparison with fish ingestion of

phytoplankton we used the chlorophyll concentrations

as derived from SD measurements above, multiplied

these measurements by 8 m to derive the areal

concentration for the 8 m deep station at the southern

border of our study area, multiplied this value by an

assumed carbon to chlorophyll weight ratio of 72

(Guildford et al., 2003) for nutrient replete phyto-

plankton, then multiplied this by a factor of 2 to

convert mg of C to mg of DW.

DW (mg m�2Þ ¼ Chl (mg m�3Þ � 8 m

� 72 mg C=mg Chl

� 2 mg DW=mg C

Results

Fish biomass

Demersal fish from bottom trawls

The mean catch rate of haplochromines with MV

Mdiria during 1978/1979 was 1,138 kg h-1. Detriti-

vores made up more than 60% of the total number of

fish in these catches, zooplanktivores ca. 30%, insec-

tivores 3% and the other groups each less than 1%

(Table 1). Individuals of species belonging to detriti-

vores, phytoplanktivores and zooplanktivores, had a

mean weight between 5 and 6 g (mean TL of the

species ranged from 7 to 8.5 cm). Mean individual

weight of the prawn eaters was approximately twice as

high as that of detritivores and planktivores; that of

insectivores (of the Empodisma group, Hoogerhoud &

Witte, 1981), molluscivores and piscivores about three

and a half times as high as that of detritivores and

planktivores. After correction for their heavier indi-

vidual weight the contributions to the catch of mollus-

civores and piscivores increased to approximately 2

and 3%, respectively, and for insectivores to almost

10% (Table 1). Zooplanktivores and detritivores made

up, respectively, ca. 27 and 55% of the catch weight.

From these weight percentages and the mean catch

rate for all haplochromines together (1,138 kg h-1),

the catch rate per hour and the demersal biomass ha-1

per trophic group were calculated. The total demer-

sal biomass of haplochromines was 212.8 kg ha-1

of which 116.1 kg ha-1 was contributed by the

detritivores and only 0.4 kg ha-1 by the phy-

toplanktivores (Table 1). The non-haplochromines,

consisting of the piscivorous Lates niloticus, Bagrus

docmak Forsskål and Clarias gariepinus (Burchell),

the molluscivorous Protopterus aethiopicus Heckel,

and the phytoplanktivorous tilapiine cichlids (Ore-

ochromis spp.), together contributed 15.7 kg ha-1 to

the demersal fish stocks, of which the latter

Fig. 2 Regression of A the inverse Secchi depth versus

chlorophyll a and B chlorophyll a versus areal GPP. Solid and

dashed lines in both panels indicate model fits and their 95%

confidence intervals, respectively. For (B) data points and error
bars, where present, represent the means and standard devia-

tions of multiple measurements within a geographic area. Filled
and open squares are from Talling (1965) and Silsbe et al.

(2006), respectively
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phytoplanktivorous group made up only 1.9 kg ha-1.

The total demersal fish biomass amounted to:

212.8 kg ha-1 ? 15.7 kg ha-1 = 228.5 kg ha-1.

Demersal and pelagic fish from gill nets

Compared to the bottom trawl catches, which were

estimated to cover only the bottom 2 m of the water

column, the gill net catches over the total column

revealed a relatively large group of phytoplanktivo-

rous haplochromines (almost 18% of weight in the gill

net catches compared to 0.2% in bottom trawl catches;

Tables 1 and 2). These fish were living near the

surface (Fig. 3) and, consequently, were rarely caught

in bottom trawls. A considerable part of the zoo-

planktivores also occurred in the column outside the

range of bottom trawls (Fig. 3).

The bottom dwelling detritivores, which dominated

the trawl catches by day, were used to calculate the

biomass of the haplochromine trophic groups in the

entire column. From the vertical distribution in the gill

net catches (Fig. 3), it was estimated that, during

daytime, bottom trawls (up to 2 m above bottom)

caught approximately two-third of the detritivores in

the area covered. Therefore, the total biomass of this

group was estimated at:

3=2� 116:1 kg ha�1 ¼ 174:2 kg ha�1

The fraction of detritivorous haplochromines in the

whole column (based on gill net catches) comprised

31.1% of the total haplochromine biomass in our study

area (Table 2). From the fractions of the other trophic

groups we calculated the biomass as well as the total

standing stock of the haplochromines (560 kg ha-1).

The contribution of the small, pelagic, zooplank-

tivorous cyprinid Rastrineobola argentea (Pellegrin)

has been estimated by Wanink et al. (2005) at

5.2 kg ha-1 from catches with floating trawls; these

fish were too small to be caught in our gill nets. By

adding the biomass of the non-haplochromines, the

total fish biomass in the Mwanza Gulf was established

at 581 kg ha-1 prior to the Nile perch upsurge

(Table 2). Phytoplanktivores contributed 102 kg ha-1

and detritivores, which also included phytoplankton in

their diet, 174 kg ha-1 (Table 2).

Phytoplankton consumption

The diet of the phytoplanktivore H. (?) bwathondii

Niemantsverdriet & Witte was made up of about 90%

phytoplankton (the cyanobacteria Microcystis and

Anabaena and the diatom Aulacoseira = Meloisira;

Goldschmidt et al., 1993). The same percentage was

used for the Oreochromis species, which are reported

to feed predominantly on phytoplankton, either from

the column or after sedimentation (Lowe-McConnell,

1956; Welcomme, 1967; Trewavas, 1983).

The detritivores in bottom trawls consisted for 37%

of H. (Enterochromis) coprologus Niemantsverdriet &

Witte and for 63% of so called curved heads; a group

of closely related species including H. (E.) cinctus

Greenwood & Gee, H. (E). antleter Mietes & Witte

and H. (E.) katunzii ter Huurne & Witte (de Zeeuw

et al., 2010). The respective diets of H. coprologus and

the curved heads contained about 25 and 10%

phytoplankton, mainly Aulacoseira (Goldschmidt

et al., 1993). The most common zooplanktivore H.

(Yssichromis) heusinkveldi Witte & Witte-Maas,

Table 1 Haplochromine composition in bottom trawls in the

sublittoral area of the Mwanza Gulf in 1978/1979

% nr corr. % wt kg ha-1

Haplochromines

Detritivores 61.3 1 54.5 116.1

Phytoplanktivores 0.2 1 0.2 0.4

Zooplanktivores 30.4 1 27.1 57.6

Insectivores 3.1 3.5 9.7 20.6

Molluscivores 0.7 3.5 2.2 4.6

Piscivores 0.9 3.5 2.8 6.0

Prawn eaters 0.1 2 0.2 0.4

Rest 3.8 1 3.4 7.2

Total 212.8

Non-haplochromines

Phytoplanktivores 1.9

Molluscivores 7.2

Piscivores 6.6

Total 15.7

The percentage of the number (% nr) of fishes in the catch was

transformed into percentage of weight (% wt) by a correction

factor (corr.) for weight per trophic group. From the percentage

of weight, the catch rate per hour and the swept area

(53476.5 m2 = 5.35 ha h-1), the biomass per hectare

(kg ha-1) was calculated. The non-haplochromines comprise

the phytoplanktivorous Oreochromis spp., the molluscivorous

Protopterus aethiopicus and the piscivorous Lates niloticus,

Bagrus docmak and Clarias gariepinus
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which made up 46% of the zooplanktivores in the

bottom trawls, had a considerable amount (20–40%)

of cyanobacteria in its diet (Goldschmidt et al., 1990).

Therefore, we also included it in our calculations.

From the mean weight per individual and the

biomass per m2 (B), the number (n) of individuals per

m2 was calculated for the above mentioned fish species

(Table 3). With the formulae of Moriarty et al. (1973;

see Materials and methods) and the proportions of

phytoplankton in the diet we calculated the ingestion

rate per species. This was highest (151 mg DW

m-2 day-1) in the phytoplanktivorous H. bwathondii,

both due to its high biomass in the study area and the

high proportion of phytoplankton in its diet. Though a

similar proportion was estimated for Oreochromis

spp., their total ingestion rate was lowest (2.4 mg

DW m-2 day-1) due to their relatively low biomass in

the study area. The ingestion rate of the other species

ranged from 18 to 32 mg DW m-2 day-1. The total

ingestion rate of phytoplankton by all species together

is estimated at 230.7 mg DW m-2 day-1 (Table 3).

Phytoplankton production

Monthly Secchi measurements taken in the Mwanza

Gulf between April 1973 and January 1975 at the

southern border of the research area (\2 km south of

Nyamatala Island, 8 m deep), ranged from 1.1 to

1.9 m (Akiyama et al., 1977). Measurements more

towards the centre of the research area (close to station

G) from March 1974 to January 1975 ranged from 1.3

to 2.5 m (Toshio Akiyama, unpublished report). In the

period February to April 1980 we measured Secchi

values of 2.1–2.7 m at station G.

Using the empirically derived model (Fig. 2A;

Silsbe, 2004), we first estimated that chlorophyll

concentrations likely ranged from 6.9 to 30.6 mg

Chl m-3 at the study site. The upper limit of GPP in

Lake Victoria predicted by the empirical model

(Fig. 2B) occurs near 11 mg Chl m-3. As chlorophyll

concentrations increase beyond 11 mg m-3, GPP is

constrained within increasingly shallower euphotic

depths with diminished photosynthetic rates (Silsbe

et al., 2006). Consequently, despite the large range in

estimated chlorophyll concentrations, we estimated a

truncated range of GPP between 10 and 11.3 g O2 m-2

day-1. Converting this data into carbon units yields

GPP estimated between 3.1 and 3.5 g C m-2 day-1,

remarkably close to the mean value of unpublished data

measured by Søren Olsen near the study site in 1972 and

1973 (n = 2, 3.0 g C m-2 day-1). Converting this data

into mg DW m-2 day-1 yields a range of 6,223–

7,062 mg DW m-2 day-1 for GPP and 1,929–

2,189 mg DW m-2 day-1 for NPP. Compared to these

gross and net production rates, the estimated ingestion

rate of algal grazing fish (230 mg DW m-2 day-1)

would be 3.2 and 3.7% of GPP and between 10.5 and

11.9% of NPP. If the lower bounds of the 95%

confidence intervals are substituted for the model

predictions, the estimated ingestion rate of algal grazing

fish increases to 11.7–15.3% of NPP.

The second approach to estimate the loss of algal

biomass to grazing was to estimate chlorophyll

concentrations from Secchi depths as above, then

convert this data into mg DW using conservative

Table 2 Total fish biomass in the sublittoral area of the Mwanza Gulf calculated from the trophic composition in the total column in

1981/1982 and the demersal biomass derived from bottom trawl catches in 1978/1979 (see text)

Group Haplochromines

(% nr in column)

Haplochr.

(% weight)

Haplochr.

(kg ha-1)

Other taxa

(kg ha-1)

Total

(kg ha-1)

Detr 37.7 31.3 174.2 174.2

Phyt 21.5 17.7 99.9 1.9 101.8

Zoop 30.1 24.8 138.7 5.2* 143.9

Insect 5.1 14.7 82.5 82.5

Moll 0.9 2.6 14.6 7.2 21.8

Pisc 1.9 5.5 30.7 6.6 37.3

Prawn 1.3 2.1 12.0 12.0

Rest 1.6 1.3 7.4 7.4

Total 560.0 20.9 580.9

* The biomass of the pelagic zooplanktivore Rastrineobola argentea is based on data from Wanink et al. (2005)
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estimates of the carbon to chlorophyll ratio of

phytoplankton and carbon to DW ratio. Using the

lowest measured C:Chl ratio in Lake Victoria of

72 mg C/mg Chl (Guildford et al., 2003) and the factor

of 2 for C to DW biomass, then the phytoplankton DW

concentration at the study site varied between 994 and

4,413 mg DW m-3. At the station near Nyamatala

Island (8 m) there was no evident vertical stratification

of the water column parameters so we can estimate the

algal standing crop as varying between 7,952 and

35,305 mg DW m-2 over the year at that site. If the

average ingestion rate of phytoplankton is taken as

230 mg DW m-2, then this would amount to a loss of

0.7–2.9% per day of phytoplankton biomass. If the

lower bounds of the 95% confidence intervals are

substituted for the model predictions, the estimated

ingestion rate of algal grazing fish increases to

0.7–4.1% per day of phytoplankton biomass.

Discussion

Sources of error in establishing fish biomass

and trophic distribution

The fish biomass in the sublittoral area of the Mwanza

Gulf (228.5 kg ha-1 for the demersal and 581 kg ha-1

for the total ichthyomass) is rather high compared to

Fig. 3 Mean catch rates and one standard deviation in gill nets

during 8 days and 8 nights between August 1981 and July 1982.

Mean number of fishes at each depth, are given per 10 m2 in

A vertical gill nets covering the whole column and B horizontal

gill nets at three depths in the column. Note that the y-axis in

B only shows the three depth ranges over which was sampled

(i.e. 0–1.5, 7–8.5 and 13.5–15 m from the surface)
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other estimates for Lake Victoria. Kudhongania &

Cordone (1974a) estimated 103 kg ha-1 for the demer-

sal stocks in Tanzanian waters at the end of the 1960s.

The difference is probably caused by the fact that

Kudhongania & Cordone (1974a) also included deep,

offshore waters in their calculations. Further, they partly

used 38 mm mesh size cod ends, which are not suitable

for catching the relatively small detritivorous and

zooplanktivorous haplochromines. However, some

assumptions that were made in our and other studies

may also have contributed to the differences and in the

following paragraphs we discuss their potential impacts.

The assumptions on the gape of the trawl net may

strongly influence the biomass estimates. We used a

correction factor of 0.33 for the length of the head rope.

During a lake-wide bottom trawl survey with MV Ibis

(Kudhongania & Cordone, 1974a, b) the effective fishing

width of the most frequently used net, with a head rope of

24 m, was estimated at about 9 m (Bergstrand &

Cordone, 1971), implying a correction factor of 0.37.

However, it has also been suggested that a correction

factor of 0.67 should be used (Gary Kukowski, unpub-

lished report EAFFRO, Mwanza 1978). Using the latter

value in our study would imply a reduction of the fish

biomass and, consequently, the phytoplankton ingestion

rates by fish by a factor of 2. The maximum height of the

net opening of ca. 2 m is also an assumption. The fact

that even in water of 2 m depth the floats of the net did

not reach the surface suggests that a height of 2 m is not

an underestimate. Bergstrand & Cordone (1971) sug-

gested a gape height 2.3 m for the nets of MV Ibis, which

does not differ much from our estimate.

Our assumption that 2/3 of the detritivores were

caught in bottom trawl nets during the day, may be an

overestimation. In the normal gill nets this value

approached 2/3 (Fig. 3b), but it should be noted that

these nets did not sample the depth range of

8.5–13.5 m. In the vertical net at daytime about half

of the detritivores were caught in the bottom 2 m, and

about 2/3 in the bottom 3 m (Fig. 3a). If only half of

the detritivores were caught in bottom trawls by day,

the total amount of detritivores and phytoplanktivores

and consequently their ingestion rates would increase

by about 33%.

We also used a relatively high speed for MV

Mdiria. Most studies used a speed of 2.5–3 nautical

miles h-1 for similar sized trawlers (Bergstrand &

Cordone, 1971; Muller & Benda, 1981; Goudswaard

et al., 1995). Gary Kukowski (unpublished) estimated

the speed of MV Mdiria at 3.5 nautical miles h-1,

which we used here. Using a speed of 3 miles would

increase the catches, and consequently the amount of

phytoplanktivorous fish, by 14%.

Compared to trawl nets, gill nets are inefficient and

generally size and species selective. Detritivores are

probably swimming smaller distances than zoo-

planktivores, and may thus have lower encounter rates

with gill nets, though this may be balanced by the fact

that zooplanktivores are somewhat more slender and

consequently have a greater chance to pass through the

smallest (2.5 cm) mesh. We also did not sample

crepuscular hours, when many fish are active, hence

reducing the number of fish caught with gill nets.

However, gill net catches were only used to establish

Table 3 Calculation of ingestion rates (I = (-n29.6 ? 21.9B) 9 p, for haplochromines; I = (n271 ? 13.3B) 9 p, for

Oreochromis spp.)

Troph group

Species

Individual

wt (g)

Biomass

(B) (g m-2)

Number of

fish (n) (m-2)

% phyt.

in diet

Ingestion rate

(I) (mg DW m-2 day-1)

Phytoplanktivores

H. bwathondii 5.8 9.99 1.72 90 151.0

Oreochromis spp. 300 0.19 0.0006 90 2.4

Detritivores

Curved head group 5.8 10.97 1.89 10 18.4

H. coprologus 5.8 6.45 1.11 25 27.1

Zooplanktivores

H. heusinkveldi 5.6 6.38 1.14 30 31.8

Total 230.7

From individual fresh weight in grams and biomass in m-2 (B) per species the number of fish m-2 (n) per species was calculated. The

ingestion rate was corrected for the proportion (p) of phytoplankton present in the diet of the different taxa
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the relative distribution of the trophic groups in the

water column. Finally, bottom and surface trawl

catches concomitantly with gill netting supported the

distribution patterns observed in the latter.

Sources of error in establishing phytoplankton

consumption by fish

Moriarty et al. (1973) remarked that the equation for

the ingestion rate of phytoplankton in H. nigripinnis

was only an approximate guide because insufficient

data were available for one of the parameters on the

rate of stomach emptying. Further, the mean size of the

Oreochromis species in Lake Victoria was larger than

the size range for which Moriarty et al. (1973)

established the equation, which may underestimate

their ingestion rate.

Irrespective of these uncertainties, the original

grazing rate of phytoplankton by fish in the Mwanza

Gulf was likely to be higher than calculated because:

(1) many species allocated to other trophic groups

included some phytoplankton in their diet (e.g. Witte

& van Oijen, 1990); (2) at the end of the 1960s the

Oreochromis densities (Kudhongania & Cordone,

1974b), and thus their grazing rates, in the Mwanza

Gulf were approximately ten times higher than in

1978/1979 (thus resulting in ca. 25 mg DW m-2).

Correcting for all possible underestimations men-

tioned above might result in a total phytoplankton

ingestion rate by fish that is about 1.5 times higher than

calculated in Table 3, which would amount to ca.

350 mg DW m-2 day-1.

Sources of error in establishing phytoplankton

production

In the absence of reliable direct measurements of

phytoplankton production and biomass at our study

site in Lake Victoria, we have used empirical

relationships to estimate both parameters from Secchi

depth measurements. The relationship between chlo-

rophyll concentration and Secchi depth includes both

historical and modern day measurements from the

entire lake and demonstrates that phytoplankton

biomass is the dominant factor controlling the optical

properties of Lake Victoria (Silsbe et al., 2006). Our

estimated range of chlorophyll values from measured

Secchi depths assumes this empirical relationship is

strictly adhered to, though certainly deviations from

this relationship are probable. We have therefore also

used the 95% confidence intervals about this relation-

ship to demonstrate the potential impact of grazing on

phytoplankton production and biomass. When con-

verting chlorophyll concentrations to dry phytoplank-

ton weight, we have used the smallest reported carbon

to chlorophyll ratio measured in the African Great

Lakes (Guildford et al., 2003) while our assumed ratio

of DW to carbon of 2 is the mean value of a relatively

constrained range (1.8 to 2.2; Strickland, 1965). We

therefore have purposefully taken the lowest possible

estimate of phytoplankton DW to present the maxi-

mum probable impact of daily phytoplankton grazing.

Our estimation of NPP also follows this same princi-

ple, our assumed photosynthetic quotient of 1.2 is at

the lowest end of possible values while our assumption

that 31% of GPP is retained after respiration is lower

than the few unpublished measurements performed in

Mwanza Gulf by Olsen. Consequently we have likely

underestimated net primary production in order to

present the maximum probable impact of daily

phytoplankton grazing.

The impact of changes in grazing pressure

In contrast to most other studies dealing with compo-

sition and standing stocks of fish taxa in Lake Victoria

(e.g. Kudhongania & Cordone, 1974a, b; Benda, 1981;

Muller & Benda, 1981; Witte, 1981; Goudswaard et al.,

2008; Okaronon, 1994; but see Goldschmidt et al.,

1993), we considered the fish in the entire column. This

resulted in 2.6 times higher biomass per square metre

and a remarkably high contribution of phytoplanktivo-

rous haplochromines before the ecological changes in

the Mwanza Gulf. Nevertheless, fish only consumed 3

and 12% of daily gross and NPP, respectively.

In Lake George the total daily intake of phyto-

plankton has been estimated at 34 mg C m-2 (= 68 mg

DW m-2) for fish and 504 mg C m-2 (=1,008 mg

DW m-2) for zooplankton (Moriarty et al., 1973).

Phytoplankton standing crops were on the order of

600 mg Chl m-2 in shallow Lake George (Ganf, 1974)

or 86,400 mg DW m-2 using our conversion factors

(72 mg C/mg Chl 9 2 mg DW/mg C); so losses to fish

or zooplankton grazing were a very minor control on

the abundance of algae in that hypereutrophic ecosys-

tem dominated by cyanobacteria.

By the end of the 1980s, the only phytoplankton

feeding fish in our study area was O. niloticus. The
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mean catch rate in the bottom trawls was 0.8 kg h-1

(Ligtvoet et al., 1995), which equals to 0.15 kg ha-1

and to a phytoplankton intake of only 0.2 mg

DW m-2 day-1. In this calculation the proportion of

phytoplankton in the diet of O. niloticus was kept at

90%. However, studies in the northern part of the lake

showed a strong reduction in the proportion of

phytoplankton contributing to the diet of O. niloticus

(Gophen et al., 1993; Njiru et al., 2004; Bwanika et al.,

2006). From 1992 onwards some detritivorous haplo-

chromines started to recover in the Mwanza Gulf, but

by 2005 their biomass at the studied stations was still

less than 20% of that in the 1970s (Witte et al. 2007a).

Moreover, they did not include phytoplankton in their

diet anymore (Kishe-Machumu et al., 2008). Finally,

of the specialized phytoplanktivore H. bwathondii

only rarely an individual was encountered since the

late 1980s. Consequently the current grazing of

phytoplankton by tilapiine and haplochromine cich-

lids seems negligible.

In the old ecosystem of the Mwanza Gulf, algal

grazing fish consumed only between 3 and 12% of

daily gross and NPP, respectively. Even if we would

multiply this with a factor of 1.5 because of uncer-

tainties and underestimates mentioned in the ‘‘Sources

of error in establishing fish biomass and trophic

distribution’’ section, the loss by grazing would still be

not more than 18% of the daily net production.

Obviously these loss rates would not be adequate by

themselves to control the phytoplankton population

that occurred then, and losses to zooplankton grazing,

sedimentation or cell death would most likely have

been much more important. Conversely, the loss of the

low grazing pressure that we estimated for the pre-Nile

perch period would not account for the dramatic

increase in algal abundance and primary productivity

that was measured by the 1990s (Mugidde, 1993).

It is possible that if all the fish grazing were highly

selective of a single relatively minor phytoplankton

species then control on that phytoplankton species

might be accomplished by fish grazing. Given the

phytoplankton composition based on counts recorded

by Akiyama et al. (1977), diatoms especially and the

cyanobacteria Anabaena were numerically dominant

at the time of chlorophyll maxima and so were not

likely to be under fish grazing control. Aulacoseira

[then Melosira] ‘‘was the most dominant genus in the

water’’ and ‘‘occupied 40–90% of the phytoplankton

in the stomachs of Tilapia esculenta [now

Oreochromis esculentus] caught in Mwanza Gulf

and the Southern area of the lake’’ (quotes from

Akiyama et al., 1977). Given this observation it seems

unlikely that at least the Oreochromis spp. were

selectively grazing, but we cannot rule out that the

haplochromines were selectively grazing.

The recent changes in the fish community of Lake

Victoria may have had an impact on the zooplankton

community and thus on their grazing rates on phyto-

plankton. However, the decline of the zooplanktivo-

rous haplochromines in the 1980s (Witte et al., 1992,

2007b), though partly compensated by an increase in

the population of the cyprinid R. argentea (Wanink,

1999; Wanink et al., 2002), would rather have

increased the zooplankton community and thus cannot

explain the phytoplankton blooms at the end of the

1980s. Furthermore, experimental manipulation of

crustacean abundance in 1992 in the northern part of

the lake failed to produce any detectable effects of

grazing by zooplankton (Lehman & Branstrator,

1993). Nevertheless, we cannot exclude an effect by

zooplankton earlier in time. A shift from large

herbivorous zooplankton, to small-bodied predatory

cyclopoids started already in the 1960s, before the

changes in the fish community (Wanink et al., 2002)

and may have had an impact on the phytoplankton

community. However, Wanink et al. (2002) suggested

a reversed scenario in which eutrophication caused a

shift in predominance from diatoms to cyanobacteria,

resulting in a shift in zooplankton composition. Since

the introduction of the Nile perch, the Lake Victoria

basin is amongst the fastest growing populated regions

in the world. Therefore, it is likely that anthropogenic

induced mobilization of nutrients into Lake Victoria

has been and continues to be the dominant mechanism

driving algal biomass (Hecky et al., 2010).

To conclude we want to note that, while eutrophi-

cation increased, grazing rates of both fish and

zooplankton, which were already low, seemed to have

decreased since the 1980s. Unless other organisms

make use of the phytoplankton in Lake Victoria, the

current fate of a major part of algal production must be

to contribute to detritus. It is unknown if the strongly

increased abundance of invertebrate detritivores, par-

ticularly the shrimp Caridina nilotica (Roux) (Golds-

chmidt et al., 1993; Goudswaard et al., 2006; Budeba

& Cowx, 2007) could compensate for an increased

detritus production. If not, decomposition of excessive

amounts of detritus in deep water or in the surface
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sediments might contribute to enhanced and pro-

longed hypoxia in Lake Victoria.
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