-

-~
brought to you by .i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Wageningen University & Research Publications

Hydrobiologia
DOI 10.1007/s10750-015-2237-x

PRIMARY RESEARCH PAPER

Nile perch distribution in south-east Lake Victoria is more
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Abstract We studied the effects of environmental
driving factors (maximum depth, visibility, oxygen,
temperature, and prey densities) on the distribution
and diet composition of Nile perch (Lates niloticus) in
south-east Lake Victoria from 2009 to 2011. We tested
the hypotheses that (i) Nile perch distribution is
regulated by the same environmental factors on a local
scale (Mwanza Gulf) and on a regional scale (Mwanza
Gulf, Speke Gulf and the open lake in Sengerema
district), and (ii) driving factors act differently on
different Nile perch size classes. Fish were sampled
with gillnets. Nile perch densities were highest in the
shallow part of the Mwanza Gulf and during the wet
seasons, mainly caused by high densities of juveniles.
The environmental driving factors explained Nile
perch distributions on both regional and local scales in
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a similar way, often showing non-linear relationships.
Maximum depth and temperature were the best
predictors of Nile perch densities. Prey densities of
shrimp and haplochromines did not strongly affect
Nile perch distributions, but did explain Nile perch
diet on a local and regional scale. We conclude that
abiotic variables drive Nile perch distributions more
strongly than prey densities and that feeding takes
place opportunistically.

Keywords Caridina - Diet - Distribution -
Haplochromines - Water quality

Introduction

Nile perch, Lates niloticus (L.), was repeatedly
introduced in Lake Victoria in the 1950s and 1960s
to boost the fisheries (Pringle, 2005). Its explosive
population growth during the mid-1980s concurred
with the decline in biomass and species numbers of
haplochromine cichlids, a major prey of Nile perch
(Witte et al., 1992). From that time onward the Nile
perch fishery thrived, peaking with an estimated
annual yield of around 300,000 tons during the late
1980s after which it fluctuated around 250,000 tons
(Kolding et al., 2008, 2014).

Since the start of the fisheries concerns have been
voiced that Nile perch stocks are declining and may
collapse if fishing pressure will continue to increase

@ Springer



https://core.ac.uk/display/29206877?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Hydrobiologia

(Mkumbo, 2002; Balirwa et al., 2003; Getabu et al.,
2003; Ogutu-Ohwayo, 2004; Matsuishi et al., 2006;
Mkumbo et al., 2007). However, stock assessments
based on Nile perch catches and population size
structure showed no signs of overfishing or long-term
decline of the Nile perch stock, although, since the
1990s the stock shows short-term decadal fluctuations
(Kolding et al., 2008).

Besides fishing, water quality may play an impor-
tant role in Nile perch distribution. The increasing
eutrophication of Lake Victoria caused degradation of
water quality, resulting in an increase in phytoplank-
ton biomass. This led to changes in visibility and
oxygen content of the water (Hecky, 1993, 1994),
while global climate change resulted in an increase of
water temperatures in Lake Victoria with more than 1°
since the 1920s (Sitoki et al., 2010). In addition, it is
hypothesized that prey density and availability may
have profound effects on the size structure and
distribution patterns of Nile perch (Goudswaard
et al., 2011; Downing et al., 2013).

Although Nile perch is considered a visual hunter,
decreased visibility as such is not shown to affect Nile
perch distributions, since it is found from clear to
turbid waters. Nile perch is also a generalized
predator, feeding on different types of prey of a large
size range. This is an advantage when prey encounter
rates decrease because of reduced visibility (See-
hausen et al., 2003; Hecky et al., 2010). However, Nile
perch is absent in turbid waters such as swamps when
oxygen levels become critical (Chapman et al., 2002).

Several studies showed the relationship of dis-
solved oxygen and Nile perch densities (Wanink et al.,
2001; Chapman et al., 2002; Mkumbo, 2002; Balirwa
et al., 2003; Paterson & Chapman, 2009; Goudswaard
et al., 2011; Njiru et al., 2012; Nyboer & Chapman,
2013; Taabu-Munyaho et al., 2013). In Lake Victoria
seasonal stratification of the water column results in
decreased oxygen concentrations near the bottom,
especially in deeper water. This hypoxia limits fish to
utilize habitats and probably forces Nile perch to move
up above the oxycline or to migrate to oxygenated
shallow waters (Goudswaard et al., 2011; Taabu-
Munyaho et al., 2013). Experiments showed that Nile
perch was relatively intolerant to hypoxia (Schofield
& Chapman, 2000). Therefore, hypoxic waters can act
as refugia for hypoxia-tolerant haplochromine species
in swamps, wetlands, and deep water (Hecky, 1994;
Chapman et al., 2002; Paterson & Chapman, 20009;
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Njiru et al., 2012) and for the freshwater shrimp
Caridina nilotica (Roux) (Kaufman, 1992; Hecky,
1994; Njiru et al., 2012), both important prey for Nile
perch. Hypoxia also affects the size class distribution
of fish, because it can limit physical growth and
reproduction, resulting in a reduction of maximum fish
size and length at maturity (Pauly, 1981, 1984).
Furthermore, large-sized Nile perch are affected more
by low oxygen than small-sized Nile perch, because of
their smaller gill surface area to biomass ratio (Njiru
et al.,, 2012). Sudden upwelling of anoxic waters
caused incidental massive Kkills of large-sized Nile
perch in Kenyan waters and in the Mwanza Gulf in the
1980s (Ochumba, 1990; Kaufman, 1992; Wanink
et al., 2001) and fish kills of Nile perch at smaller
scales (i.e., individual fish floating dead or gasping for
air rather than groups of fish) have been observed in
20092011 on at least three occasions during the
breakdown of stratification (I. J. M. Cornelissen and H.
K. Peter, personal observations).

The rise of the water temperature in Lake Victoria
also resulted in higher stability of the water column
(Hecky, 1993; Cdzar et al., 2012) and may also have
affected Nile perch distribution. For instance, Getabu
et al. (2003) observed high Nile perch densities in
warmer, shallow waters. However, other studies
observed a negative or no relationship between Nile
perch densities and water temperature (Goudswaard
et al, 2011; Nyboer & Chapman, 2013; Taabu-
Munyaho et al., 2013).

In addition to abiotic environmental variables, prey
abundance can affect Nile perch distribution and
population size structure as well as their diets. A
decline in prey abundance can decrease the condition
factor of Nile perch (Ogutu-Ohwayo, 1999) and may
decrease the size at maturity of fish (Pauly, 1984). A
change in prey availability can affect the Nile perch’s
ontogenetic diet shift from invertebrates to fish and
result in profound changes in mean population size
and maximum size of Nile perch through changing
growth and mortality rates (Downing et al., 2013).
There are indications that Nile perch moves to habitats
where its preferred prey is abundant. Goudswaard
et al. (2011), for instance found that Nile perch stayed
near the bottom in deep water where Caridina
densities are high when oxygen conditions are favor-
able. He suggested that the distribution of Caridina
may explain the distribution of Nile perch during the
time when haplochromine populations were declining.
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Most studies on the Nile perch stock in Lake
Victoria focussed on whole lake dynamics over long
periods and on the impacts of the Nile perch fisheries
(Mkumbo, 2002; Getabu et al., 2003; Mkumbo et al.,
2007). In addition, Nile perch distribution was gener-
ally studied in open waters of more than 15 m depth
where most of the commercial Nile perch fishery is
concentrated (Mkumbo, 2002; Getabu et al., 2003).
Little is known about how changes in abiotic factors as
for instance caused by eutrophication or climate
change will affect the Nile perch stock and at what
scales such effects will become apparent. Therefore,
there is a need to identify the environmental drivers of
Nile perch densities and to identify the spatial and
temporal scales at which such drivers are relevant.

We studied how Nile perch is distributed over a
range of spatial and seasonal scales and related this to
abiotic and biotic environmental variables. Three
large regions in south-east Lake Victoria were select-
ed: the Mwanza Gulf, the Speke Gulf and the waters
near Kome Island (Sengerema district). In addition,
we studied Nile perch distributions on a local, more
detailed scale within the Mwanza Gulf. We tested the
following hypotheses: (i) Nile perch distribution is
regulated by the same environmental factors on both
the regional and the local scale; (ii) Driving factors act
differently on different Nile perch size classes.

Materials and methods
Study area

Data were collected in south-east Lake Victoria at 14
sampling stations in the Mwanza Gulf, the Speke Gulf
and near Kome Island in the Sengerema district, from
here on referred to as Sengerema, (Fig. 1) from
September 2009 to April 2011. The three regions
differ in habitat: Mwanza Gulf has a strong coastal and
littoral influence as the Gulf is narrow and shallow.
Speke Gulf is wider and deeper and the stations
sampled in Sengerema are deep and located in open
water. Sampling stations were at least 8§ km apart and
atleast 1.5 km from the shore. Maximum depth, water
temperature, and water quality parameters varied
between stations during the study period (Table 1).
The bottom at all stations mainly consisted of soft mud
with occasional rocks at the Speke and Sengerema
stations.

Mwanza Gulf, Speke Gulf and the waters in
Sengerema are all commercially fished for Nile perch.
The southern part of Mwanza Gulf, south of station 3,
is officially closed for fishing from January to June, but
this is not enforced and Nile perch is fished all year
round. Here, Nile perch are fished on a relatively small
scale and sold on local markets, whereas Nile perch
caught in the open waters near the entrance of the Gulf,
in Speke Gulf and in Sengerema generally are targeted
for the international export market of frozen fillets (M.
Medard, personal communication).

Climate

Seasons in Lake Victoria are based on the yearly
monsoon cycles. In southern Lake Victoria, a dry
season from June to August is characterized by strong
southerly winds with minimal precipitation, low
temperatures, and a well-mixed, oxygenated water
column (Talling, 1966; Akiyama et al., 1977). From
September to December, a transition to calm weather
occurs with stratification gradually building up and
precipitation increasing. From January to May pre-
cipitation and temperature are highest. Stratification is
strongest from January to March (Talling, 1966),
resulting in hypoxia near the bottom in waters of
>40 m depth (Hecky, 1994).

Data collection

Fish, prey organisms, water temperature, and water
quality variables were all sampled within 10 days
intervals at each station. Mwanza stations 1-6 were
sampled 10-16 times from September 2009 until April
2011, stations 7 and 8 were sampled 67 times from
June 2009 until April 2011. Stations 9-14 in Speke
Gulf and in Sengerema were sampled 2—4 times
between June 2009 and May 2010 (Table 2). Data
from 2009 to 2011 were used for analyses on a
regional scale between Mwanza Gulf, Speke Gulf and
Sengerema, whereas data from 2010 to 2011 were
used for analyses within Mwanza Gulf.

Nile perch >5 cm standard length were collected
using multifilament gillnet fleets consisting of panels
with stretched mesh sizes ranging from 1 to 8§ in.
(25-203 mm) with increments of 0.5 in. (13 mm) for
panels of 1-6 in. and with increments of 1 in. (25 mm)
for panels of 6-8 in. (152-203 mm). Panels varied in
surface area, from 58 m? for a panel of 1 in. mesh size
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Fig. 1 Map of south-east Lake Victoria with stations in the
three regions: Mwanza Gulf (1-8) with a depth range of 5-44 m
from station 1-8, Speke Gulf (9-11) with a depth range of

to 1213 m? for a panel of 8 in. mesh size. Panels in the
Mwanza Gulf were 5-7 m deep and panels in Speke
Gulf and in Sengerema were 5—13 m deep. The total
length of a fleet was approximately 600 m. Fleets were
set in such a way that in the shallow stations
(depth < 8 m) the whole water column was covered.
At station 4 (depth = 11 m) fleets were set at the
surface and bottom, and at station 5—14 (depth from 17
to 55 m) fleets were set at the surface, middle, and
bottom of the water column (Table 2; Fig. 2). Gillnets
were set in the afternoon at 6 p.m. and hauled the next
morning at 6 a.m. All fish caught were weighed and
standard lengths were measured at the laboratory of
the Tanzanian Fisheries Research Institute (TAFIRI)
in Nyegezi (near Mwanza City) or on location.

Nile perch diets were analysed by dissecting the
stomachs. Stomach fullness was classified into five
categories: 0—1% (empty), 1-25%, 25-50%, 50-75%,
and >75% (full). The relative volume per prey
category was estimated using the same five categories
(Witte & van Densen, 1995). Preys were categorized
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17-34 m from station 9-11, and Sengerema (near Kome Island)
(12-14) with a depth range of 41-55 m from station 12-14

as: odonate/ephemeropteran nymph, mollusc, Cari-
dina nilotica shrimp, Rastrineobola argentea (Pelle-
grin) (a small cyprinid fish), haplochromine cichlids,
Nile perch, other fish species, and unidentified fish
remains.

A hydrolab DS5 multiprobe (OTT Messtechnik
GmbH & Co, Kempten, Germany) collected vertical
profiles of temperature and oxygen concentrations
from the lake bottom to the surface during the day.
Oxygen concentration was calibrated using the Win-
kler method (American Public Health Association,
2005). Secchi depth was measured in triplicate with a
25 cm diameter black and white Secchi disk and was
defined as the mean depth at which the disk disap-
peared when lowering it in the water and re-appeared
when lifting it.

Observations on the distribution of Caridina in the
Mwanza Gulf were carried out in triplicate per station
by hauling a 1 m? square lift net from bottom to
surface. Samples were preserved in 5% formaldehyde
solution and numbers were counted in the laboratory.
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Table 1 Maximum depths, average water temperature, and means of water quality parameters measured at the sampling stations

during the study period

Region Station N Maximum depth Temperature of Dissolved oxygen Visibility
(Dmax, In m) the water column (7, in °C) (DO, in mg ) (Sd, in m)
Mwanza 1 9 24.5 7.1 0.63
2 9 25.1 7.4 0.67
3 9 24.8 6.8 1.02
4 10 11 25.2 7 1.20
5 9 18 249 6.1 1.73
6 14 28 25.3 53 1.99
7 7 39 247 5.6 1.90
8 6 44 24.6 55 2.20
Speke 9 3 17 25 4.5 2.00
10 3 29 24.6 4.9 2.00
11 3 34 249 5.8 2.30
Sengerema 12 2 41 25 5.1 1.30
13 3 50 24.9 5 1.40
14 4 55 25.1 6.4 1.80

Temperature and dissolved oxygen are means calculated over the whole water column. N number of observations. For position of

sampling stations see Fig. 1

Table 2 Sampling frequency and fleet settings at stations during the study period

Region Station D« (m) Fleet setting 2009 2010 2011
Jun-Sept Oct-Dec Jan-Mar Apr-May Jun-Sept Oct-Dec Jan—Mar
Mwanza 1 S - 2 - - 4 3 2
2 S - 3 - 3 4 3 3
3 S - 3 - - 4 3 3
4 11 S,B - 2 - 3 4 1 -
5 18 S, M, B - 2 - - 3 3 2
6 28 S, M, B 1 2 - 4 - 3 5
7 39 S, M, B 1 - - 2 1 - 3
8 44 S, M, B 1 - - 2 1 - 2
Speke 9 17 S, M, B 1 - 1 1 - - -
10 29 S, M, B 2 - 1 - - - -
11 34 S, M, B 2 - 1 - - - -
Sengerema 12 41 S, M, B - - 2 - - - -
13 50 S, M, B 1 - 2 - - - -
14 55 S, M, B 2 - 2 - - - -

D,h.x maximum depth (m); gillnet fleet set at S the surface; B the bottom; and M the middle of the water column. For position of

sampling stations see Fig. 1

Data analysis

Spatial and temporal distribution differences

CPUE was calculated in numbers per standardized
fleet per hour (no. setting™'). A standardized fleet was

calculated as the mean surface area of one fleet (m?).
To enable comparisons between stations with different
proportion of gillnet coverage of the water column, we
estimated catch per unit effort (CPUE, no. setting™")
over the whole water column, by interpolation for the
part of the water column not covered by gillnets at
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Fig. 2 A schematic representation of the gillnet fleet sets. In deep stations fleets were positioned at the water surface (S), in the middle
(M) of the water column at depth Dy, and at the bottom (B). Hys height of the nets of the middle fleet; D, depth of the water column

stations deeper than 15 m. The mean value of the
CPUE of the surface and middle panels was used to
calculate the CPUE of the top part of the water
column. This value was weighted for the depth of this
part of the water column. Similarly, the mean value of
the CPUE of the bottom part of the water column was
calculated as the mean value of the middle and bottom
fleet, weighted for the depth of this part of the water
column. Total CPUE was the sum of the CPUE values
of the top and bottom parts of the water column:

CPUES + CPUEM DM + 0.5 x HM
X +
2 Dimax
CPUEM + CPUEB Dmax — (DM +0.5 x HM)
2 Dinax ’

where CPUEg, CPUEy;, and CPUEg are the CPUE
values for the surface, middle, and bottom fleet,
respectively, Hy, is the height of the middle fleet, and
Dnax 1S the depth of the water column (Fig. 2).
Spatial effects on Nile perch size class distributions
on a regional scale between Mwanza Gulf, Speke Gulf,
and Sengerema were analyzed by Kruskal-Wallis tests,
because normality of the residuals could not be achieved
directly, or after transformation. Spatial and temporal
effects on Nile perch size class distributions in the
Mwanza Gulf were also analysed by Kruskal-Wallis
tests. In case of significant spatial or temporal effects,
post hoc pairwise comparisons were performed with

CPUE =
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adjusted levels for multiple comparisons using a
Bonferroni correction (df = 5, P = 0.003 for spatial
comparisons within the Mwanza Gulf and df = 4,
P = 0.005 for temporal comparisons within the Mwan-
za Gulf and spatial comparisons on a regional scale).

Data of the residuals of prey densities of Caridina
and haplochromines were non- normally distributed
and spatial effects were tested with Kruskal-Wallis
tests and post hoc pairwise comparisons were correct-
ed according to Bonferroni (df = 5, P = 0.003 for
spatial comparisons within the Mwanza Gulf and
df =4, P=0.005 for spatial comparisons on a
regional scale). Caridina densities were only sampled
in the Mwanza Gulf stations 1-6.

Multivariate analyses

We investigated variability in Nile perch distributions
in relation to environmental factors using multivariate
analyses. Detrended correspondence analyses (DCA)
on log-transformed data were used to determine the
length of the environmental gradient, to choose the
appropriate response model. For all analyses, the
gradient length suggested that the response models
could be either linear or unimodal. Subsequently we
chose to use linear redundancy analyses (RDA) to
explain Nile perch size class distributions by environ-
mental variables on a local scale within the Mwanza
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Gulf and on a regional scale between Mwanza Gulf,
Speke Gulf, and Sengerema. Year was used as a co-
variable. All multivariate analyses were carried out
with CANOCO 4.55 (Biometris, Plant Research
International, Wageningen, The Netherlands).

Generalized additive model (GAM) analyses

We used GAMs to investigate the relationships
between Nile perch size class distribution and max-
imum depth, temperature, oxygen concentration, Sec-
chi depth, and haplochromine and Caridina densities
using the same data set as for the DCA. GAM is a non-
parametric regression technique to model non-linear
relationships and can be used with non-normally
distributed data. We used the densities of Nile perch
and haplochromines (CPUE in numbers per standard-
ized fleet) for bottom, middle or surface sets in the
water column. Means of temperature and oxygen were
calculated over the depth at which a fleet of gillnets was
set. Although densities of some Nile perch size classes
were not normally distributed after log-transforma-
tions and some fitted a gamma distribution, GAM
models fitted best with log-transformed Nile perch
densities with a Gaussian error distribution and identity
link function. Generalized cross validation (GCV) was
used to choose the optimal degree of smoothing for
each variable. We started with a model including all
environmental variables as smooth, non-linear terms.
When the degrees-of-freedom, estimated by GCV, of a
variable was one, it was considered as a linear
regression. Non-significant terms were excluded from
the model. The model predicted densities of Nile perch
for each smoothing and/or linear component (partial
prediction). The partial prediction is the portion of the
predicted response of Nile perch densities that is
attributed to an environmental variable. Partial pre-
dictions were plotted against environmental variables
to explore the nature of the relationships between Nile
perch densities and environmental drivers. GAM
analyses were carried out in R 3.1.0 (R Foundation
for Statistical Computing, Vienna, Austria).

Logistic regression analyses

Nile perch diets were weighted for the fullness of
stomachs to calculate the frequency of occurrence of
prey. The diet category ‘fish’ consisted of hap-
lochromines and unidentified fish remains. On

average, 47% of the Nile perch stomachs were empty.
Empty stomachs were excluded from further data
analyses. To test the frequency of occurrence of prey
in the diet as a function of Nile perch size classes, we
used binomial logistic regression models with ab-
sence/presence of prey in the stomach. Binomial
logistic regressions were then tested using Wald tests.
Non-parametric and logistic regression analyses were
carried out in SAS 9.2 (SAS Institute, Cary, USA).

Results
Spatial and temporal distributions of Nile perch
Local scale

When comparing the CPUE over the whole water
column on a local scale within the Mwanza Gulf, Nile
perch size classes between 10 and 40 cm varied
spatially with significantly higher densities at shallow
stations 1-3 than in deeper water at 4-6 (Fig. 3). Small
Nile perch of 5-10 cm varied seasonally with highest
densities from November to February during the wet
seasons and lowest densities from July to August
during the dry season (Fig. 3).

Regional scale

On a regional scale, CPUE over the whole water
column of Nile perch size classes between 5 and 40 cm
was highest at the shallowest station of Mwanza (Mw1)
and lowest in Sengerema (Fig. 3). Small-sized Nile
perch of size classes between 5 and 20 cm were
especially abundant in the Mwanza Gulf. Densities of
Nile perch of 2040 cm were similar between the
medium and deep stations of Mwanza (Mw2, 3) and
Speke Gulf. Densities of Nile perch of >40 cm were
lowest at the medium stations of the Mwanza Gulf
(Mw?2) and similar in the other regions (Fig. 3).

Factors determining Nile perch distributions

Local scale

On a local scale within the Mwanza Gulf, detrended
correspondence analysis (DCA) showed a gradient

length of the first ordination axis of 2.3, indicating
either a linear or a unimodal relationship between the
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Fig. 3 Mean Nile perch densities (CPUE of the whole water column) and standard errors of different size classes on a local scale in the
Mwanza Gulf from 2010 to 2011 and on a regional scale in the Mwanza Gulf, Speke Gulf and in Sengerema from 2009 to 2011. Nile
perch size classes were: 5-10, 10-20, 20—40, and >40 cm. For local scale I-6 Mwanza Gulf stations 1-6; and for regional scale: Mw1
Mwanza stations 1-3, Mw2 Mwanza stations 4-5, Mw3 Mwanza stations 68, Sp Speke stations 9—11 and Se Sengerema stations 12—14.
For position of stations see Fig. 1. Identical letters above the means in the figure indicate non-significant differences between catches in

a multiple comparison test (P > 0.05)
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environmental gradient and Nile perch distributions.
We chose a linear redundancy analysis (RDA) to relate
Nile perch size class distributions to abiotic and biotic
environmental factors (Fig. 4). The RDA ordination
was significant for all axes (F = 4.79, P = 0.001,
Monte Carlo test, 1000 replicates) with the first two
axes explaining 22.3% of the variation. Generalized
additive models (GAM) of Nile perch size class
distributions and environmental factors showed both
significant linear and non-linear regressions (Table 3;
Fig. 5).

There was a strong spatial pattern in the RDA
ordination, with a clear gradient between stations 1-6,
correlating strongly with the maximum depth of the
water column (Figs. 4a, c). The seasonal pattern was
less conspicuous, with July—August (dry season) being
most distinct from the rest of the year (Fig. 4e). This
pattern was strongly correlated with low temperatures
in the dry season. Densities of Nile perch of 2040 cm
were related to shallow stations of the Mwanza Gulf
(Figs. 4a, c). GAM analyses showed that densities of
Nile perch size classes of 5-10, 20-40 and >40 cm
decreased with depth linearly and non-linearly, re-
spectively (Table 3; Fig. 5). Partial predictions of
densities of Nile perch of 10-20 cm versus maximum
depth showed a quadratic-shaped pattern with mini-
mum predicted densities at 10-20 m depth (Fig. 5).

Visibility (Secchi depth) was closely correlated to
maximum depth, although the influence of the former
on the ordination was less strong (Figs. 4a, c). GAM
analyses showed that visibility was negatively related
to Nile perch size classes between 10 and 40 cm and
positively, linearly related to Nile perch >40 cm
(Table 3; Fig. 5).

Oxygen concentration was influenced more or less
equally by space and season with higher concentrations
in shallow waters and in July—October (Figs. 4a, c, e).
GAM analyses did not show any relationships between
the observed oxygen concentrations and Nile perch
densities (Table 3).

Temperature was positively related to the density of
small Nile perch size classes between 5 and 20 cm
(Fig. 4a). This was confirmed by the GAM analyses,
showing a non-linear increase with maximum pre-
dicted densities at 24-25°C (Table 3; Fig. 5).

Caridina densities were of minimal influence on the
RDA ordination of Nile perch distributions in the
Mwanza Gulf. (Figure 3a). GAM analyses showed
that Caridina densities were negatively and linearly

related to densities of Nile perch 10-20 cm (Table 3;
Fig. 5). Caridina densities increased with depth and
were highest at station 6 and lowest at station 1
(Fig. 6a). The contribution of Caridina in the Nile
perch diet was significantly related to the size of Nile
perch (Fig. 6d, P < 0.05, Wald test). The largest
contribution of Caridina in the diet was found in Nile
perch size classes between 5 and 20 cm and at stations
5 and 6. At station 1, the contribution of Caridina in
the diet was low for all size classes.

Haplochromine densities also had a minimal
influence on the RDA ordination (Fig. 3a). GAM
analyses showed that Nile perch of 20-40 cm was
related with an sinus-shaped pattern showing a local
minimum at a density of ca. 10-15 haplochromines
per standardized setting after which Nile perch
densities increase with haplochromine densities
(Table 3; Fig. 5). Between stations in the Mwanza
Gulf, no significant differences in haplochromine
densities were found (Fig. 6b). The contribution of
fish in the Nile perch diet was significantly related
to Nile perch length at all stations (Fig. 6f,
P < 0.05, Wald test). The largest contribution of
fish in the diet was found in Nile perch size classes
of >20 cm, except for shallow waters in the
Mwanza Gulf where Nile perches of all size classes
predominantly fed on fish (Fig. 6f).

Regional scale

On a regional scale, detrended correspondence
analyses (DCA) resulted in a gradient length of the
first ordination axis of 3.6, which indicates either a
linear or a unimodal relationship between the envi-
ronmental gradient and Nile perch distributions. We
chose linear redundancy analyses (RDA) to relate Nile
perch size class distributions to environmental factors.
The RDA ordination was significant for all axes
(F =21.72, P =0.001, Monte Carlo test, 1000
replicates). The first two axes explained 31.8%.
Generalized additive models (GAM) showed both
significant linear and non-linear regressions between
Nile perch densities and environmental factors
(Table 3; Fig. 5).

Of all environmental factors, maximum depth
influenced the RDA ordination most, primarily differ-
entiating the shallower stations of Mwanza Gulf
Mwl1, Mw2) from the deeper stations (Mw3) and
Speke Gulf and Sengerema (Figs. 4b, d). Maximum
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Fig. 4 Spatial and seasonal distribution of Nile perch densities in relation to environmental factors on a local spatial scale within the
Mwanza Gulf and on a regional spatial scale in the Mwanza Gulf, Speke Gulf and in Sengerema. a—b RDA biplot of densities of Nile
perch size classes in relation to environmental factors temperature (7), dissolved oxygen (DO), maximum depth (D,.x), Secchi depth
(Sd), Caridina densities (Cn), and haplochromine densities (Hp). Abbreviations used for Nile perch size classes: Ln 5-10 cm, Ln
10-20 cm, Ln 2040 cm, and Ln > 40 cm. c—d RDA scatter plot of spatial distribution of Nile perch densities. Abbreviations used for
indicating Mwanza Gulf stations and regions see caption Fig. 3. For position of stations see Fig. 1; and e RDA scatter plot of seasonal
distribution of Nile perch densities in the Mwanza Gulf
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depth was negatively related to Nile perch size classes
between 5 and 40 cm (Fig. 4b). This was confirmed by
GAM analyses, showing a non-linear decrease of
densities of Nile perch size classes between 5 and
40 cm with depth (Table 3, Fig. 5). Densities of Nile
perch >40 cm linearly increased with depth (Table 3;
Fig. 5).

Visibility (Secchi depth) was positively correlated
to maximum depth, although its influence on the RDA
ordination was less strong (Fig. 4b). GAM analyses
showed an increase of densities of Nile perch of 10-20
and >40 cm with visibility, of which Nile perch
>40 cm showed a sine-shaped function with increas-
ing densities from 2 m visibility and up (Table 3;
Fig. 5). Nile perch of 5-10 cm showed an irregular
pattern with visibility (Fig. 5).

Oxygen concentrations were negatively correlated
with depth, with the highest concentrations in the
shallow waters of Mwanza Gulf (Figs. 4b, d). Oxy-
gen concentration was positively related to the
density of small Nile perch size classes between 5
and 20 cm and negatively with Nile perch >40 cm in
the RDA (Fig. 4b). GAM analyses confirmed a
positive non-linear relationship between oxygen
concentrations and densities of Nile perch size

classes between 5 and 20 cm (Table 3; Fig. 5).
Partial predictions showed an increase of Nile perch
densities above an oxygen concentration of 8 mg 1™
(Fig. 5). In contrast, Nile perch 20-40 cm showed a
negative linear relationship with oxygen concentra-
tion (Table 3; Fig. 5).

Temperature was positively related to the density of
Nile perch size classes between 5 and 40 cm in the
RDA and negatively to density of Nile perch >40 cm
(Fig. 4b). GAM analyses showed that temperature
affected all Nile perch size classes (Table 3). Densities
of Nile perch size classes between 5 and 20 cm
showed positive non-linear relationships with max-
imum predicted densities at 24-26°C (Fig. 5). Densi-
ties of Nile perch of 20-40 cm showed a positive
linear relationship with temperature and Nile perch
>40 cm showed minimum densities at a temperature
of 25°C (Fig. 5).

The inclusion of Caridina in the diet was negatively
related to Nile perch length in all regions (P < 0.006,
Wald test), except in Sengerema (P = 0.19) (Fig. 6e).
Nile perch of size classes between 5 and 20 cm fed
predominantly on Caridina, except in shallow waters
of the Mwanza Gulf (Fig. 6e: Mw1) where they had a
larger proportion of fish in their diets.

Table 3 General additive models (GAM) of non-parametric regressions between Nile perch densities and environmental variables

on a local and regional scale

Nile perch 5-10

Nile perch 10-20

Nile perch 20-40 Nile perch >40

Statistics P df  Statistics P df  Statistics P df  Statistics P df

Local scale

Maximum depth  4.25 0.02 2 9 <0.0001 2  3.05 0.05 18.80 <0.0001 1
Secchi depth - n.s. - 411 0.05 3.08 0.05 16.13 0.0001 1
Oxygen - n.s. - - n.s. - - n.s. - - n.s -
Temperature 7.39 <0.0001 8 4.5 0.0004 5 - n.s. - - n.s -
Caridina - n.s. - 1040 0.002 1 - n.s. - - n.s. -
Haplochromines  — n.s. - - n.s. - 331 <0.006 4 - n.s. -
Regional scale

Maximum depth  47.39 <0.0001 3 2297 <0.0001 9 15.62 <0.0001 7  23.95 <0.0001 1
Secchi depth 3.37 0.0008 8 595 <0.0001 8 - - - 236 0.04 4
Oxygen 2.19 0.03 6 5.02 <0.0001 7 7.82 0.004 1 - - -
Temperature 8.05 <0.0001 6 991 <0.0001 6 16.13 <0.0001 1 342 0.008 3
Caridina - - - - - - - - - - - -
Haplochromines  — n.s. - 332 0.03 2 - n.s. - - n.s. -

Models for each Nile perch size class included only significant variables. Significant P values are in italics. F test statistics, n.s. not
significant term and excluded from model (P > 0.05), df degrees-of-freedom
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Fig. 5 Regressions of the significant linear and non-linear
terms of the GAM models on a local and regional scale. Graphs
indicate relationships between environmental variables (x-axis)
and partial predictions of Nile perch densities (y-axis). Solid
lines indicate the model fit and dashed lines the 95% confidence
intervals. Colors indicate the nature of the relationship; green

Haplochromine densities were highest in the
shallow water of the Mwanza Gulf and lowest in
the deep water in Sengerema (Fig. 6¢). RDA analyses
showed that haplochromine densities were positively
related to small Nile perch size classes between 5 and
20 cm and negatively related to large Nile perch of
>40 cm (Fig. 4b). GAM analyses showed a relation-
ship between haplochromines and Nile perch of
10-20 cm, with increasing Nile perch densities up to
30 haplochromines per setting, after which Nile perch
densities decreased with haplochromine densities
(Table 3; Fig. 5). The contribution of fish in the diet
was positively related to Nile perch length in the
Mwanza Gulf and the Speke Gulf (P < 0.006, Wald
test), but not in Sengerema (P = 0.93) (Fig. 6g). The
largest contribution of fish in the diet was found in
Nile perch size classes of >20 cm, except for the
shallow waters in the Mwanza Gulf where Nile perch
of all size classes predominantly fed on fish (Fig. 6g).
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increase, red decrease and yellow irregular, gray model was not
included because of lack of data of Caridina, on a regional scale.
n.s. Not significant term and excluded from model; Dy,ax
maximum depth (m); Sd Secchi depth (m); DO dissolved
oxygen (mg1™"); T temperature (°C); Cn Caridina density
(no. 17" and Hp haplochromine density (no. setting_l)

Discussion
Spatial and temporal distributions of Nile perch
Local scale

We found that local scale distributions of Nile perch
differed from earlier distributions described in the
literature. Highest densities of Nile perch occurred in
shallow waters of <10 m depth, while in bottom trawl
surveys conducted from 1984 to 1990, highest densi-
ties were found in the deeper parts of the Gulf (>12 m)
(Goudswaard et al., 2011). Haplochromines were
absent in the Gulf by then and Caridina shrimp,
occurring in high densities in waters of >20 m, was the
major prey of juvenile Nile perch up to 30 cm
(Katunzi et al., 2006).

The high densities of haplochromines in the
Mwanza Gulf observed in our study confirm their
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@ Springer



Hydrobiologia

recovery in the Gulf (Witte et al., 2000, 2007; Kishe-
Machumu, 2012). Results of nightly experimental
surface trawling (up to 3.5 m deep), carried out
throughout all seasons in 2010-2011 in the Mwanza
Gulf, confirm the high densities of haplochromines
and Nile perch of <5 cm in waters of <7 m depth,
both of which were three times higher than in deeper
parts of the Gulf (I. J. M. Cornelissen, unpublished
data). This suggests that the Mwanza Gulf is a well-
suited habitat for small-sized fish. The now abundant
haplochromines in shallow, inshore areas, as we
found in the Mwanza Gulf, probably provide a good
source of prey for juvenile Nile perch (Hecky et al.,
2010; Taabu-Munyaho et al., 2013) and may increase
survival and recruitment rates. The higher densities
of juvenile Nile perch during the wet seasons in our
study may be related to increased survival of recruits.
We did not find evidence for increased spawning
activity as we did not observe increased densities of
mature Nile perch prior to the observed peak of
juveniles. Seasonally higher densities in shallow
areas can also be caused by Nile perch migrating
from deeper waters during the wet seasons when the
water column becomes stratified and hypoxic near
the bottom (Taabu-Munyaho et al., 2013). However,
we only found seasonal variation in Nile perch
densities of 5-10 cm and therefore we postulate that
the seasonal variation is related to survival of
recruits.

Regional scale

On a regional scale, Nile perch densities in the
Mwanza Gulf were 10 and 40 times higher than in the
Speke Gulf and Sengerema respectively. In contrast,
during the Nile perch boom, from 1987 to 1990, Nile
perch densities were homogeneous across the regions
of Mwanza and Speke Gulf (Goudswaard et al., 2008).
More recent stock assessments through bottom trawl-
ing and catch assessments of Nile perch in the
Tanzanian part of the lake from 1997 to 2002 showed
that Nile perch aggregated on a very local and
temporal scale in shallow and deep waters and at
different depths of the water column (Mkumbo, 2002;
Mkumbo et al., 2007). However, on a large spatial
scale, there was no consistent pattern in Nile perch
densities between the east, west and south side of the
Tanzanian part of the lake or between different depths
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up to 50 m (Mkumbo, 2002; Mkumbo et al., 2007). In
contrast, lake-wide acoustic surveys from 2007 to
2010 showed a seasonal spatial variation in Nile perch
distributions, with higher densities in shallow waters
and in the upper layers of the water column as a result
of vertical and horizontal migrations related to oxygen
(Taabu-Munyaho et al., 2013).

The overall low Nile perch densities in Sengerema
were mostly the result of very low densities of juvenile
Nile perch, in contrast to the Mwanza Gulf, with
relatively high densities of small Nile perch between 5
and 20 cm [about 2.5-9.5 months old recruits (Hugh-
es, 1992)]. Length—frequency distributions in the
Tanzanian part of Lake Victoria showed that recruit-
ment was higher in productive, sheltered, shallow bays
(Mkumbo, 2002). Therefore, we postulate that the
productive shallow, sheltered habitats of the Mwanza
Gulf may act as a nursery where larvae and juvenile
Nile perch have higher survival rates than in Speke
Gulf and in Sengerema.

Factors determining Nile perch distributions

Data on a regional scale was of a lower resolution than
on a local scale because of lower sampling frequency
in Speke Gulf and Sengerema during the study period.
Yet, we found that most environmental drivers acted
similarly on Nile perch densities on both scales despite
spatial differences in densities (Fig. 5). This indicates
that the resolution of the data was adequate to observe
the main effects on Nile perch distribution patterns. In
addition, environmental drivers acted similarly on Nile
perch size classes, except on large Nile perch of >40 cm
(Fig. 5). On a local and regional scale, maximum depth
best predicted Nile perch densities of all size classes.
Depth can be considered as a habitat proxy, since it
correlates strongly with other environmental variables
such as oxygen content, temperature, and visibility. In
Lake Victoria oxygen and temperature decrease with
depth, whereas visibility increases with depth (Hecky,
1994; Silsbe, 2004; Silsbe et al., 2006; Cornelissen et al.,
2014). These and other habitat characteristics related
with depth may have similar or contrasting effects on
Nile perch densities and thus might explain the often
non-linear nature between maximum depth and Nile
perch densities. The decreasing densities of Nile perch
with depth on a local scale and the increasing densities
of Nile perch >40 cm with depth on a regional scale we
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found in our study (Fig. 5), confirms the importance of
shallow habitats for juvenile Nile perch (Mkumbo,
2002).

Surprisingly, on both local and regional scales, we
did not find strong relationships between Nile perch
densities and oxygen concentrations as was found in
other studies in Lake Victoria (Wanink et al., 2001;
Mkumbo, 2002; Goudswaard et al., 2011; Njiru et al.,
2012; Nyboer & Chapman, 2013; Taabu-Munyaho
et al., 2013). On a local scale we did not find any
relationships between oxygen concentration and Nile
perch density (Fig. 5), despite studies in the Mwanza
Gulf during the 1980s that showed the importance of
oxygen for explaining Nile perch distribution (Wanink
et al., 2001; Goudswaard et al., 2011), especially in
water deeper than 15 m (Wanink et al., 2001). In our
study in the Mwanza Gulf, low oxygen levels were
seasonally related to the rainy season when stratifica-
tion was strongest and spatially related to deep water.
Most probably low oxygen conditions and hypoxia
were less severe during our study in the Mwanza Gulf
compared to the studies in the 1980s. In 1987-1988,
persistent hypoxia near the bottom occurred over
3-5 months in waters as shallow as 6-20 m in the
Mwanza Gulf (Wanink et al., 2001), whereas during
our sampling period, stratification in the Mwanza gulf
was weak and probably fluctuating on a daily basis
(Cornelissen et al., 2014). This might also explain the
apparent absence of the interaction between depth and
oxygen concentration as described by Goudswaard
et al. (2011). On a regional scale, oxygen concentra-
tion related positively with Nile perch densities of size
classes between 5 and 20 cm. This positive relation-
ship was only visible when oxygen concentrations
were above 8 mg 1! (Fig. 5). Such a threshold value
seems very high as critical oxygen levels for Nile
perch are much lower (i.e., are between 2.5 and
3mg1™") (Kaufman & Ochumba, 1993; Wanink
et al., 2001). For fish of 2040 cm, densities were
even negatively related with oxygen. Most likely the
relationship between small Nile perch and oxygen
results from the high densities of small Nile perch in
the shallow waters of the Mwanza Gulf, which
happens to be more oxygenated than deeper waters.

We found that, both on a regional and local scale,
densities of small Nile perch size classes between 5
and 20 cm increased with temperature with a local
optimum between 24 and 26°C. In Lake Nabugabo, a
similar optimal temperature range for Nile perch

>20 cm (i.e., 25-26°C) was found (Nyboer & Chap-
man, 2013). Except for large Nile perch >40 cm, we
found that, on a regional scale, temperature positively
affected the densities of all Nile perch size classes.
Temperature most likely affected densities indirectly
through high recruitment and juvenile survival during
the warmer, productive, wet seasons in the Mwanza
Gulf. This seasonal effect of temperature on small Nile
perch only, and the non-linear, positive nature of the
relationship might be the reason why other studies
found contrasting results with regard to the relation-
ship between temperature and Nile perch densities
(Getabu et al., 2003; Goudswaard et al., 2011; Nyboer
& Chapman, 2013).

Visibility as measured by Secchi depth had less
influence on Nile perch distributions than maximum
depth on both regional and local scales. As
visibility was strongly related to maximum depth,
it probably did not directly relate to Nile perch
densities.

Prey densities were not strongly correlated with
Nile perch densities, indicating that prey densities
do not drive Nile perch distributions and that Nile
perch is an opportunistic predator. However, prey
type and densities varied spatially and did influence
Nile perch diet on a local and regional spatial scale,
corroborating the opportunistic nature of Nile perch
predation patterns. Nile perch of all sizes fed
predominantly on haplochromines in shallow water
of <10 m in the Mwanza Gulf where haplochromine
densities were high. This confirms that Nile perch is
switching back to a haplochromine-based diet in
these areas (Kishe-Machumu et al., 2012). Larger-
sized Nile perch of >40 cm ate haplochromines
regardless of their abundance. It seems that large
Nile perch do not follow their prey into the Mwanza
Gulf despite their preference for fish, as densities of
large Nile perch were low in the Mwanza Gulf
where densities of haplochromines were high. In
deeper waters of the Mwanza Gulf (>20 m), the
whole of Speke Gulf and in Sengerema small Nile
perch of size classes between 5 and 20 cm fed on
Caridina shrimp. Within the Mwanza Gulf, high
Caridina densities in deep waters were related to a
high proportion of shrimp in the Nile perch diet.
This indicates that small-sized Nile perch oppor-
tunistically prey heavily on shrimp when available
at high densities, as suggested by Goudswaard et al.
(2011). However, at lower shrimp densities within
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the Mwanza Gulf, small Nile perch accordingly ate
less shrimp and more of the abundant hap-
lochromines. Downing et al. (2013) propose that
growth and survival rates of Nile perch are affected
by their specific diets of shrimp or haplochromines
and that therefore diets may influence size distribu-
tions independent from fishery effects, thus affecting
conclusions from size-based fishery assessments.
However, strong, lake-wide effects on Nile perch
size distributions because of specific diets are not to
be expected, because of the high local variation in
diets and prey densities and the opportunistic
feeding habits of Nile perch. These will at most
increase the variability in size at age of Nile perch
cohorts.

Conclusion

We found that Nile perch distributions were hetero-
geneous on a local and regional scale. Maximum depth
and temperature were the most important environ-
mental drivers of Nile perch densities, acting similarly
on both spatial scales. Relationships between diet and
prey densities acted on smaller spatial scales and may
influence growth and survival rates locally. This study
emphasize the important role of habitat and season on
Nile perch distribution patterns, especially of juvenile
Nile perch. Changes and variation in environmental
driving factors should be considered when interpreting
developments in the Nile perch stock and the impact of
fisheries when implementing management strategies.
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