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a b s t r a c t

Lake Victoria has experienced human induced pressures such as overfishing, introduction of alien spe-
cies, increased eutrophication and climate change impacts. However, there is limited understanding of
the system dynamics, major processes, drivers and responses to the changes. To address this challenge,
we developed the first end-to-end whole ecosystem model (Atlantis) for the lake. The model is spatially
resolved into 12 unique dynamic areas based on depth, species composition, physical-chemical char-
acteristics and fisheries management zones. A total of 38 functional groups constitute the biological
model. Four fishing fleets with different targeting options are simulated. Reliability of the model is
confirmed by the good fit of simulations output to observational data sets. Herein, we describe the
evolution of the biophysical system, illustrating how it responded to the aforementioned induced per-
turbations since 1958. The constructed virtual Lake Victoria ecosystem model provides a platform for
exploring the impact of management interventions before actual implementation.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Lake Victoria, with a surface area of 68,800 km2, is the largest
tropical and second largest freshwater lake on the planet. The lake's
waters straddles three countries (Kenya, Uganda and Tanzania) and
supports Africa's largest inland fishery (Geheb et al., 2007). The lake
is large enough to create its own weather system as well as influ-
ence regional climate (Crul, 1995; Stager and Johnson, 2007). The
lake provides ecosystem services such as water for domestic and
industrial use, transport, hydro-power generation and food to
about 40 million people. Its fisheries provide employment, income
and export earnings to the lake-edge communities. Lake Victoria is
home to diverse flora and fauna which are intricately connected
ecologically.

The lake's ecological health is in jeopardy, and had been for
decades, mainly due to a myriad of anthropogenic activities (Hecky
et al., 2010). Many riparian towns release raw sewage and
s Research Institute, Kenya.
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municipal waste into the lake on a daily basis. This, together with
fertilizer and chemicals from agricultural farms in the catchment,
contribute to increased pollution and eutrophication. Invasive
species such as water hyacinth (Eichhornia crassipes) and Nile perch
(Lates niloticus) are thought to have been responsible for the
manifest of ecological damage in Lake Victoria (Opande et al., 2004;
Taabu-Munyaho et al., 2016; Witte et al., 1992). Water hyacinth
reproduces rapidly and covers large areas of the lake forming dense
mats of plants that block sunlight needed for survival of life below
the surface. The introduction of the Nile perch had a major impact
on haplochromine cichlids stocks which remain favorite prey,
affecting both their abundance and diversity (Witte et al., 1992).
Several haplochromine species had gone extinct and their abun-
dance was reduced to less than 1% of their original biomass barely
two decades after the introduction of Nile perch. The number of
species in demise has only continued to grow and now up to 65% of
haplochromine species are thought to have been lost, an event
which may well represent the largest species extinction amongst
vertebrates in the 20th century (Goldschmidt et al., 1993; Kaufman,
1992; Kaufman and Cohen, 2013; Kitchell et al., 1997). Another
challenge is the booming fishing industry that evolved around the

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:sanychris@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envsoft.2016.09.019&domain=pdf
www.sciencedirect.com/science/journal/13648152
http://www.elsevier.com/locate/envsoft
http://dx.doi.org/10.1016/j.envsoft.2016.09.019
http://dx.doi.org/10.1016/j.envsoft.2016.09.019
http://dx.doi.org/10.1016/j.envsoft.2016.09.019


C. Nyamweya et al. / Environmental Modelling & Software 86 (2016) 158e167 159
explosion in biomass of the Nile perch. The lake region is among the
most densely populated areas in Africa (Ewald et al., 2004) and
demand for fish locally has been increasing rapidly with population
growth. This has lead to overexploitation of fish populations,
reducing them to dangerously low levels (Taabu-Munyaho et al.,
2016).

The complex ecology mixed with adverse human actions on the
lake and its catchment (often without prior research of potential
impacts) have limited the understanding of the system dynamics,
major processes, drivers and responses with no scientific consensus
on the subject (Cornelissen et al., 2015; Downing et al., 2014; Odada
et al., 2009). Little headway has been made in identifying the major
drivers of ecosystem changes that have been witnessed in the last
six decades. Work done on the lake usually focuses on one or a few
aspects of the system and often falls short of giving “the big pic-
ture”. With such a scenario in place, it is quite difficult to predict the
implications, both for the ecosystem and the local communities, of
anymanagementmeasures instituted on the lake. In the recent past
it has been acknowledged that an ecosystem approach to man-
agement is necessary if the lake is to offer ecosystem services in a
sustainable way (Cornelissen et al., 2015; Downing et al., 2014;
Fig. 1. The topography/bathymetry of Lake Vict
Njiru et al., 2014). This study seeks to describe the Lake Victoria
ecosystem functioning, trophic cascade mechanisms as well as
complex non-linear system responses. A coupled component
modeling approach is employed aiming to describe complex in-
teractions among detailed processes for the purposes of prediction,
forecasting and system understanding (Bennett et al., 2013; Kelly
et al., 2013). We implement these by developing the first end-to-
end (whole of ecosystem) model for Lake Victoria. It is envisaged
that the developed model (Atlantis) will be used to predict how the
lake might respond to different management measures.

2. Materials and methods

We used the Atlantis ecosystem modelling framework to
develop the model. Atlantis provides an opportunity to build a
virtual ecosystem which can be used to road test different man-
agement regimes before actual implementation (Fulton et al., 2011;
Smith et al., 2015). In its fullest form it considers all aspects (parts)
of an ecosystem i.e. biophysical, economic and social. The model
tracks changes in three dimensional space consisting of horizontal
polygons and vertical layers. This 3D structure represents the
oria and the three surrounding countries.
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physical environment and is matched to the major geographical
and bioregional features of the simulated ecosystem. Using this
box-based representation facilitates tracking of flows of limiting
nutrients i.e. nitrogen and silica through the main biological groups
via a system of differential equations (typically solved in 6, 12 or
24 h time steps) using a simple forward difference integration al-
gorithm (Fulton et al., 2011). The primary ecological processes
modeled are consumption, production, waste production, migra-
tion, predation, recruitment, habitat dependency and mortality.
The trophic resolution is typically at the functional group level,
with primary producers and invertebrates represented as biomass
pools and vertebrates represented using an explicit age-structured
formulation. Biological model components are replicated in each
depth layer of each polygon. Movement between the polygons is by
advective transfer or by directed movements depending on the
variable in question.
2.1. Study area

Owing to its large spatial extent (3.05
�
S to 0.55

�
N and 31.5

�
to

34.88
�
E), Lake Victoria is subject to different climatic, topography

and drainage regimes. The western shoreline is largely monoto-
nous, whereas the rest of the shoreline is heavily indented with
Fig. 2. Spatial areas, dynamic (1e12) and boundary (0, 13e16) boxes used for creating the b
22nd January 2009 are also depicted (as an example of the physical regime).
shallow bays fringed with macrophytes. The vegetated wetlands
serve as breeding, feeding and refugia grounds for many aquatic
organisms (Balirwa et al., 2003). The northern part of the lake has
numerous islands which act as wind breaks, making the area calm
compared to the southern regions, which experience strong waves
and currents (Figs. 1 and 2). Most rivers flow in from the eastern
side of the lake. Inshore areas are characterized by high biodiver-
sity, high nutrient levels and high turbidity (Balirwa et al., 2003).
They are also the worst impacted by point sources of pollution and
other anthropogenic activities. The north and north-eastern
shorelines are the most affected by coastal development and in-
dustrial waste. Furthermore, artisanal fishing is quite intense in
these areas (Balirwa et al., 2003; Taabu-Munyaho et al., 2016).
2.2. Model structure

Given the heterogeneity, the Lake Victoria Atlantis model is
partitioned into areas that would represent unique habitats based
on depth (Fig. 1), species composition, physical-chemical parame-
ters, fisheries management zones and anthropogenic influences
(Taabu-Munyaho et al., 2014). The lake is categorized into inshore
(boxes 1:4), coastal (boxes 5:8) and deep (box 9) areas (Fig. 2). Each
of the inshore and coastal areas are divided into four regions,
ox geometry for the Lake Victoria Atlantis model. Surface temperature and currents for



Table 1
Biological groups in the Lake Victoria Atlantis model, with initial biomass in tonnes
and model representation.

Code Model group Initial biomass (t) Modeled as

LN Nile perch (Lates niloticus) 0.4 Age-structured
CG African catfish (Clarias gariepinus) 1.0 � 104

BD Bagrus (Bagrus docmak) 1.4 � 104

PA Lungfish (Protopterus aethiopicus) 2.0 � 104

HPR Predatory haplochromines 1.0 � 106

HPY Phytoplantivorous haplochromines 5.4 � 105

HBE Benthivorous haplochromines 1.5 � 105

SV Synodontis (Synodontis Victoriae) 7.5 � 103

MK Mormyrus (Mormyrus kanume) 1.5 � 104

SCH Schilbe (Schilbe intermedius) sp. 5.0 � 103

RA Dagaa (Rastrineobala argentea) 1.0 � 103

ON Nile tilapia (Oreochromis niloticus) 2.2 � 10�2

OT Other tilapia 5.5 � 104

BA Barbus (Barbus altinialis) 2.6 � 104

SB Small Barbus 1.5 � 103

LV Labeo (Labeo victorianus) 4.7 � 104

ALL Alestes 1.0 � 103

REP Reptiles 5.0 � 103

BFE Birds 5.0 � 102

MIN Macroinvertebrates 1.3 � 106 Biomass pool
BFF Benthic filter feeder 1.5 � 105

BFS Shallow filter feeder 2.6 � 103

BFD Deep filter feeder 4.0 � 104

BG Benthic grazer 5.2 � 103

MB Microphtybenthos 8.8 � 105

MA Macroalgae 7.9 � 105

ZL Caridina nilotica 6.7 � 105

PL Large phytoplankton 1.0 � 106

DF Dinoflagellates 4.3 � 105

PS Pico-phytoplankton 1.1 � 105

ZM Mesozooplankton 4.1 � 107

ZS Microzooplankton 2.9 � 107

PB Pelagic Bacteria 4.3 � 104

BB Sediment Bacteria 7.9 � 105

DL Labile detritus 3.9 � 106

DR Refractory detritus 1.6 � 107
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namely the north west (NW), south west (SW), south east (SE) and
north west (NW). Nyanza, Speke and Emin Pasha Gulfs (i.e. boxes
10, 11 and 12) are categorized as unique strata (appendages to the
main lake). Nyanza Gulf is a significant extension of northeastern
Lake Victoria into western Kenya. It is the shallowest stratum with
only one water column layer. The gulf is connected to the main lake
by the Rusinga Channel, which is partly masked from the main
body of the lake by islands. It has an average width of 16 miles
(25 km) and extends for 40 miles (64 km) from Kisumu to the
channel with a maximum depth of 10 m. Nyanza Gulf has greater
fish biodiversity with relatively high abundance of catfishes Clarias
gariepinus and Synodontis victoriae and lungfish Protopterus
aethiopicus. Water in this stratum is highly turbid and eutrophic
relative to other strata. The high level of turbidity is attributed to
siltation and nutrients brought in by rivers with high effluent
concentrations from the agricultural uplands. It is also a recipient of
municipal waste from Kisumu and Homa bay towns. Persistent
algal blooms that deplete oxygen from the water column are
common in this part of the lake. The Speke Gulf is at the south-
eastern corner of the lake and is up to 30m deep. Emin Pasha Gulf is
situated at the southwestern end and harbors diverse species of
haplochromine cichlids (Taabu-Munyaho et al., 2014). Water cir-
culation within the three gulfs is relatively slow as depicted in
Fig. 2.

Each of the areas can have up to three model depth layers (layer
1 ¼ 0e20 m, layer 2 ¼ 20e40 m, layer 3 ¼ 40e80 m). Boxes 1e12
serve as dynamic boxes for the Lake Victoria Atlantis model. Five
major river mouths are designated as boundary boxes serving as
regions of fluxes into and out of the model domain. The Kagera
River (box 0), the largest andmost important of the lake tributaries,
enters the western side of Lake Victoria just north of latitude 1

�
S.

Other major rivers draining into the lake include Mara (box 13),
Sondu (box 14) and Nzoia (box 15), all of which are on the eastern
side. Lake Victoria has only one outlet, the River Nile (box 16). The
Nile flows out to the north and is dammed at Jinja for hydro-power
generation. Hydrodynamic input providing current flows for
dispersion and temperature trends are derived from a Regional
Oceanographic Model System (ROMS) of the lake (Nyamweya et al.,
2016). The ROMS model is based on real bathymetry, forced with
wind stress, surface heat fluxes, solar radiation and river inflow/
outflow data.

The Lake Victoria Atlantis model runs from 1958 to 2015. A total
of 34 functional groups constitute the biological components of this
model (Table 1). These include 17 fish, 1 bird, 1 reptile, 9 inverte-
brate and 6 primary producer groups. Additionally there are 2
groups which represent labile and refractory detritus. Fig. 3 shows
trophic levels and interactions of the functional groups in the Lake
Victoria Atlantis model. It is produced using the “foodweb R
package” (Perdomo et al., 2012). The interactions are based on
stomach content analysis survey data supplemented by informa-
tion obtained from FishBase (Froese and Pauly, 2015). Four fishing
fleets (gill-net, long-line, small-seine and inshore) with different
targeting options are simulated in the present model run. The
gillnet fishery targets most of the species with the exception of
small bodied fish like the silver cyprinid Rastrineobola argentea,
locally known as dagaa, and some Barbus species. The long-line
fleet mainly targets Nile perch (L. niloticus). Other species tar-
geted by the long-liners are catfish (C. gariepinus), Bagrus docmak,
Synodontis spp and to a small extent lungfish (P. aethiopicus).
Small-seines mainly target dagaa and haplochromines. The inshore
fleet, an aggregation of several gears operating in shallow near-
shore waters, targets all species that inhabit such areas. In the
model, fishing mortality is varied with multiplication factors
reflecting changes in fishing effort in the simulation period. Initial
model tuning is done simultaneously across several parameters to
prevent the functional groups from going extinct. Once this is
achieved, tuning is then geared to modeled biomass and catch; by
matching the general trends of observed catch per unit effort
(CPUE) and officially reported landings respectively of the main
commercial fish species. CPUE is chosen as index of abundance due
to the lack of time series fish biomass data in Lake Victoria. It is
calculated as annual landings per fishing craft for each of the
commercial species. Multiple model performance evaluation met-
rics are used to counteract the weaknesses of individual metrics
(Bennett et al., 2013). The used metrics were chosen based on
availability of observational data sets for corresponding model
outputs of interest and their ability to check whether the model
output preserves trends and magnitude of observational data
(Bennett et al., 2013). Generated catch (by) is compared to actual
landing statistics and the fit of the two is tested using Pearson's
correlation, coefficient of variation (CV) (Equation (1)) and
modeling efficiency (E) as proposed by Olsen et al. (2016).

CV ¼ 1
y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

ðyi � byiÞ2
vuut (1)

Modeling efficiency is computed as described by Nash and
Sutcliffe (1970) (equation (2)). In this case, it is defined as one
minus the sum of the squared differences between the predicted (P)
and observed (O) catch normalized by the sum of squares of the
observed catch.



Fig. 3. Food web illustrating trophic interactions in the Lake Victoria Atlantis model.

Fig. 4. Simulated spatial and temporal trends of nitrate concentrations in Lake Victoria. The graph shows changes of nitrate concentration in box 10 (Nyanza gulf) over time.
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E ¼ 1�
Pn

i¼1 ðOi � PiÞ2Pn
i¼1

�
Oi � O

�2 (2)

Data analyses and the production of spatial maps were
undertaken using R version 3.2.2 (R Core Team, 2015) and QGIS
version 2.8 (QGIS Development Team, 2015) respectively.

3. Results

The developed Atlantis model simulates the Lake Victoria



Fig. 5. Observed and modeled Chlorophyl a distribution in Lake Victoria.

Fig. 6. Prescribed spatial distribution of fish groups in the Lake Victoria Atlantis Model.
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ecosystem functioning from 1958 to 2015. The model runs for 57
years including 10 years burn-in for the system to stabilize. The
model's performance is assessed by comparing the general patterns
of primary production (Chlorophyll a), fish biomass and time series
catch trends with observational data. Fig. 4 shows the spatial dis-
tribution of nitrates in the model which is required for the growth
of primary producers. Higher concentrations are observed in the
Nyanza Gulf in the north-east of the lake. Offshore areas exhibit



Fig. 7. Modeled biomass and observed CPUE trends of the main fish reported in commercial landings of Lake Victoria from 1958 to 2015.
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lower nitrate concentrations. The distribution of nitrates in the
model generally matches the patterns described by Hecky et al.
(2010), albeit their study describing trends derived from sedi-
ment cores. A steady increase in nitrates commences in the late
1970s and is sustained for the rest of the model period. Fig. 5 shows
the distribution of Chlorophyll a. Inshore areas including the major
gulfs have relatively high Chlorophyll a concentrations (i.e primary
producers). Inshore areas also have high densities of fish biomass
for most species (Fig. 6). Biomass trends of commercial species are
compared with CPUE as an index of abundance (Fig. 7). For most
species there is close correlation between predicted biomass and
CPUE. The explosion of biomass of the introduced species (Nile
perch and Nile tilapia), coincides with observed data. Modeled
catch fits well to officially reported catch (Fig. 8) with strong cor-
relation for most of the species. CV shows minimal deviation be-
tween simulated and actual catch (Table 2). All E values are greater
than zero indicating that model performance is within acceptable
limits (Krause et al., 2005; Moriasi et al., 2007).

The biomass of biological functional groups in the model ex-
hibits changes over time. A complete output of the model and an
illustration of the evolution of biomass of all biological groups can
be found at https://figshare.com/articles/Lake_Victoria_Atlantis_
model_output/3364717. The prey species biomass declines with
increase in the predator biomass and vice versa. For instance, at the
start of the model run, the biomass of Nile perch, a top predator, is
quite low. This is about the time the species was introduced into
Lake Victoria (only 380 specimens were officially introduced into
the lake in 1962 at Entebbe and another 8 specimens in Kisumu in
1963 (Pringle, 2005)). During this period, biomass of
haplochromine cichlids, the main prey for Nile perch is relatively
high. However, as the perch establishes and its biomass grows
rapidly (over about two decades), a sudden decline of the prey
species is observed. A resurgence of the haplochromines is
observed only as the biomass of Nile perch declines towards the
end of the model run. This happens because of the reduced pre-
dation on them by the declining Nile perch stock. Another inter-
stock relationship is observed between the indigenous tilapines
and the introduced Nile tilapia. The two groups of species occupy
the same niche but the latter is a faster grower and more fecund
(Njiru et al., 2008). Consequently, after the establishment of the
Nile tilapia, a steady decline of the indigenous tilapia species is
observed to a point of near collapse. The biomass of dagaa, which
faces minimal predation pressure because it occupies a different
location in the water column from the predators, seems to be
regulated by the zooplankton biomass (the major and almost
exclusive food item for the species) and fishingmortality. Other fish
species generally decline in biomass over the model period. The
introduced species Nile perch and Nile tilapia show negative cor-
relation with the native species (Fig. 9). Nile perch show the
strongest negative correlation with predatory haplochromines; on
the other hand, it shows a strong positive correlation with Nile
tilapia and dagaa.

4. Discussion

This study presents the first end-to-end ecosystem model ever
for Lake Victoria. Physical-chemical processes, interaction of bio-
logical groups with the environment and impact of fishing fleets are

https://figshare.com/articles/Lake_Victoria_Atlantis_model_output/3364717
https://figshare.com/articles/Lake_Victoria_Atlantis_model_output/3364717


Fig. 8. Modeled and observed catch trends of fish species reported in commercial landings of Lake Victoria from 1958 to 2015.

Table 2
Performance indicators (Coefficient of variation (CV), Model Efficiency (E) and
Pearson's correlation (rcatch) and (rbiomass)) in the Lake Victoria Atlantis Model for the
main commercial stocks. CV and E are only calculated for catch.

Fish species CV E rcatch rbiomass

Nile perch 0.39 0.76 0.95 0.94
Dagaa 0.30 0.92 0.97 0.85
Nile tilapia 0.73 0.62 0.87 0.86
Other tilapia 0.69 0.63 0.81 0.54
Catfish 0.31 0.68 0.86 0.85
Lungfish 0.51 0.09 0.78 0.90
Haplochromines 0.95 0.54 0.81 0.82
Mormyrus 0.82 0.17 0.60 0.60
Synodontis 0.69 0.52 0.76 0.72
Schilbe 0.69 0.37 0.84 0.73
Barbus 0.99 0.11 0.46 0.54
Bagrus 0.52 0.63 0.81 0.88
Alestes 1.13 0.52 0.72 0.85
Labeo 0.46 0.64 0.84 0.86
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simulated. Model validity is affirmed by its ability to produce dis-
tributions of nutrients, primary production and major fish species
that generally match with observed data and those reported in the
literature. The temporal trends of biomass of fish species match
well with the variation of reported CPUE overtime. CPUE is used as
an index of abundance as there exists no long term estimates of fish
biomass in Lake Victoria. Biomass estimation from acoustic surveys
in the lake only started in the year 1999 with gaps in-between due
to erratic funding (Taabu-Munyaho et al., 2014). Even so, only two
fish species (Nile perch and dagaa) are distinguished from the
biomass pool and the surveys do not adequately cover shallow
waters, hence the choice of CPUE as an index of abundance. Addi-
tional validation is provided by the good fit of modeled catch to
observational time series data of fish species that are reported in
landings. The performance indicators (CV and Pearson's correla-
tion) indicate that the model compares well with available obser-
vational data.

The model run starts in 1958 thereby giving an opportunity to
assess the impact of the introduced species (Nile perch and Nile
tilapia) on the ecosystem. Other notable ecosystem perturbations
that are simulated include the increase of nutrients (especially in
inshore waters and gulfs) and increased fishing mortality. The
steady increase of the nitrates is mainly attributed to point sources
that bring in nutrients from the agricultural uplands, municipal
waste that has increased several fold due to urbanization and hu-
man population growth (Hecky, 1993; Mugidde et al., 2005). In-
dustrial waste water also forms a significant proportion of point
sources of nutrients. A direct consequence of the elevated levels of
nutrients is increased eutrophication that is usually manifested in
excessive algal blooms that have characterized the lake in recent
times. These can lead to depletion of oxygen in the water, which
may cause death to aquatic animals (Ochumba, 1990; Okely et al.,
2010; Talling, 1966). The water column effects of eutrophication is
exacerbated by the decline of haplochromine cichlids that would
otherwise feed on plankton, keeping their biomass at lower levels
than the current status (Taabu-Munyaho et al., 2016).

Nile perch prefers haplochromine cichlids as primary prey



Fig. 9. Relationship between biomass trends of the fish groups in the Lake Victoria Atlantis model. (for Fish group code - see Table 1 for Functional group name).
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(Goldschmidt et al., 1993). With the explosion of Nile perch, deci-
mation of haplochromines was inevitable. This is especially so
because haplochromines in Lake Victoria evolved without intense
predation pressure and thus could not cope with the predation
from the introduced perch. Fish that evolve under heavy predation
pressure reproduce quickly (L�evêque, 1997), which is not the case
for the haplochromines of Lake Victoria. The upsurge of Nile perch
biomass has also profound implications for other species such as
the piscivorous fish like B. docmak which preys on the
haplochromines.

The biomass of most groups stays relatively steady until the
1980s. Thereafter a decline in many groups is witnessed with the
exception of Nile perch which have a contrary trend. This scenario
is driven by the predation of Nile perch on most fish species. This
observation brings to the fore the importance of predator prey in-
teractions in Lake Victoria. Several studies have attributed the
decline of other species to the Nile perch (Goldschmidt et al., 1993;
Kaufman, 1992; Kaufman and Cohen, 2013; Kitchell et al., 1997).
The present study supports this with Nile perch biomass growth
exhibiting negative correlationwith other species. Inherently this is
an ecological disaster that could possibly have been averted if the
fisheries managers of the time had had prior knowledge of the
“adverse” impacts of introducing the perch to Lake Victoria. It took
slightly over two decades for the Nile perch to get established and
completely dominate a system that had taken over 750,000 years to
evolve (Greenwood, 1974; Witte et al., 1992). Even so, the sustain-
ability of the Nile perch stock is threatened by the danger of
exhausting its food, as demonstrated in the model. That notwith-
standing, the species interaction information availed in this study
can be used as guide to come up with management interventions
that improve the ecosystem's resilience and services.

Landings data show that catch of the most important com-
mercial species (Nile perch, Nile tilapia and dagaa) steadily
increased in the 1980s and stabilized since the early 1990s. How-
ever model results indicate that the biomass of these species has
been on the decline, information that is corroborated with the
observed catch rates (CPUE). The apparent steady catch despite the
dwindling stocks is maintained by increasing fishing effort (mor-
tality). It is therefore important for management to institute mea-
sures that would that will decease fishing mortality if maintaining
healthy and sustainable stocks is to be achieved. However reducing
fishing effort on the commercial species should not be the only goal,
especially for the predatory Nile perch. This is because, as
demonstrated by the simulations, Nile perch is highly dependent
on the haplochromine stock, for survival. In the coming years it is
likely that there will be oscillations of Nile perch and hap-
lochromine biomass. The model gives that indication with the
haplochromine stock showing recovery with the decline of Nile
perch. Given the complex interactions and responses exhibited in
Lake Victoria, an ecosystem based approach to management is
required and the herein reported Atlantis model provides a vantage
point for a broader view of the effects of any interventions on an
ecosystem-wide scale. This will mean a paradigm shift from the
current regulation measures that are geared to controlling fishery
inputs and are species specific (Downing et al., 2014).

5. Conclusion

Lake Victoria is vast and of immense ecological and socio-
economic significance for the riparian communities. However,
sustainable management of the lake has been a challenge because
of inadequate information about the resource dynamics. This study
developed an Atlantis ecosystem model to simulate the physical,
chemical and biological processes and how the ecosystem responds
to anthropogenic activities. Reliability of the model is supported by
the ability of the simulations to match well with available
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observational data sets. Over the model period, key perturbations
to the system include elevated eutrophication/pollution, intro-
duction of invasive species and increased fishing pressure. Model
results show elevated nutrients and primary production in inshore
areas and gulfs that can be linked to point sources of pollution and
limited flushing (especially Nyanza gulf). The introduced Nile perch
has a strong negative correlation with haplochromine species
whose biomass declines sharply as the former's abundance in-
creases. This implies that we may expect oscillations of Nile perch
and haplochromine biomass going forward. The same is true for
other species with the exception of dagaa which flourishes as Nile
perch decimates haplochromines that compete with them. The
model highlights the significance of predator-prey relationships
and the impact of introduced species, information that is critical for
instituting sustainable measures for managing the fisheries and
ecosystem of Lake Victoria. The model provides a platform where
such measures can be “road tested” before actual implementation.

Software availability

Atlantis: Model documentation found on https://confluence.
csiro.au/display/Atlantis/
AtlantisþEcosystemþModelþHomeþPage, Author: Elizabeth A.
Fulton CSIROWealth from Oceans Flagship, Division of Marine and
Atmospheric Research, GPO Box 1538, Hobart, Tas. 7001, Australia
Tel.: þ61 3 62325018 E-mail: beth.fulton@csiro.au, Available under
a royalty free licence, Year first available:2004. Relevant model
output is available at https://figshare.com/articles/Lake_Victoria_
Atlantis_model_output/3364717.
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