The Nile Perch in Lake Victoria: Interactions Between Predation and
Fisheries

James F. Kitchell; Daniel E. Schindler; Richard Ogutu-Ohwayo; Peter N. Reinthal

Ecological Applications, Vol. 7, No. 2 (May, 1997), 653-664.

Stable URL:
http://links jstor.org/sici?sici=1051-0761%28199705%297 %3 A2%3C653%3ATNPILV %3E2.0.CO%3B2-E

Ecological Applications is currently published by The Ecological Society of America.

Your use of the JSTOR archive indicates your acceptance of JSTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR’s Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www jstor.org/journals/esa.html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transmission.

JSTOR is an independent not-for-profit organization dedicated to creating and preserving a digital archive of
scholarly journals. For more information regarding JSTOR, please contact support@jstor.org.

http://www.jstor.org/
Tue May 10 06:57:11 2005



Ecological Applications, 7(2), 1997, pp. 653-664
© 1997 by the Ecological Society of America

THE NILE PERCH IN LAKE VICTORIA: INTERACTIONS BETWEEN
PREDATION AND FISHERIES

JAMES E KITCHELL,! DANIEL E. SCHINDLER,! RICHARD OGUTU-OHWAYO,?2 AND PETER N. REINTHAL?

'Center for Limnology, 680 North Park Street, University of Wisconsin, Madison, Wisconsin 53706 USA

2Fisheries Research Institute, Box 343, Jinja, Uganda
3Department of Biology, Eastern Michigan University, Ypsilanti, Michigan 48197 USA

Abstract. Introduction of the exotic Nile perch (Lates niloticus) into Africa’s Lake
Victoria accelerated decline of the diverse, endemic ichthyofauna, altered food web struc-
ture, and created valuable fisheries. As the Nile perch population expanded and predation
rates increased, many of the endemic fish species disappeared, total fishery yield increased
nearly fourfold, and fishery-related employment approximately doubled. Ecological changes
in this system now occur rapidly, are due largely to human actions, and have profound
socioeconomic effects.

We used a bioenergetics model of Nile perch predation rates to evaluate the consequences
of previous, current, and future fishery exploitation patterns and their ecological implica-
tions. The analysis produced three main conclusions: (1) Development of fisheries based
on large-mesh gill nets reduced total predation by Nile perch to =~40% of that estimated
during the late 1970s, when Nile perch densities were greatest. (2) Expansion of recent
intensive beach seine and small-mesh gill net fisheries for juvenile Nile perch could reduce
total predation to =25%. (3) The combination of fishing methods could reduce total pre-

dation to =10% of previous levels.

Reduction in estimated predatory impact corresponds with recent reports of recovery
by haplochromine populations and increased fish species diversity in regions (e.g., Napoleon
Gulf, Mwanza Gulf, and Winam Gulf) where fisheries are locally intense.
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INTRODUCTION
Review of recent ecological changes

Africa’s Lake Victoria, the world’s largest tropical
lake, is the site of rapid ecological changes due to the
effects of cultural eutrophication, introduced species,
and intensive fishery exploitation. For three decades,
nutrient loading has increased due to a burgeoning hu-
man population (currently 35 X 109) in the catchment
that includes parts of Burundi, Rwanda, Kenya, Tan-
zania, and Uganda. Major limnological changes include
twofold increases in phytoplankton biomass and pri-
mary production (Hecky and Bugenyi 1992, Mugidde
1993). Bloom-forming cyanobacteria replaced diatoms
as the dominant algae (Ochumba and Kibara 1989);
subsequently, the rate of oxygen depletion for deeper
water masses increased (Hecky 1993, Hecky et al.
1994).

The fish community was highly diverse (>400 spe-
cies), including perhaps 350 species (>95% endemic
to Lake Victoria) within the haplochromines of the fam-
ily Cichlidae (Greenwood 1966, Witte et al. 1992). Ar-
tisinal fisheries harvested many of these species from
littoral regions. Fishing intensified as outboard motors
and nylon nets became more readily available during
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the 1950s; large members of the piscivorous guilds and
potadromous species were exploited heavily. Although
many haplochromine species remained abundant under
continuing exploitation, these generally small-bodied
species supported fisheries of only modest economic
value. In an attempt to increase the economic value and
use of fishes from the lake (Graham 1929), the pisciv-
orous Nile perch (Lates niloticus) and the rapidly grow-
ing omnivorous Nile tilapia (Oreochromis niloticus)
were introduced from their native habitats in Lake Al-
bert and Lake Turkana (Ogutu-Ohwayo 1993). The pre-
cise dates of those introductions are not known. Nile
perch and Nile tilapia populations grew slowly at first,
then increased exponentially during the 1970s through
the 1980s. Major fisheries developed in concert with
the increase of Nile perch as an improved distribution
system linked new processing plants to foreign mar-
kets. Total yields climbed to 4 times the maximum of
previous fisheries for native species. In the view of
human communities on Lake Victoria’s shores, Nile
perch was “‘the saviour” (Greboval 1990).

As intended, Nile perch was a very successful pred-
ator. In these productive and warm tropical waters it
grows to 1 kg during its first year of life, is primarily
piscivorous at that age, and can reach sizes of 100 kg,
although the most commonly harvested sizes are 2—4
kg at ages 2+ or 3+. Although the small juveniles are
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restricted to shallow and/or nearshore environments,
larger juvenile and adult Nile perch occupy all habitats
of the lake where oxygen concentrations are sufficient
(Ogutu-Ohwayo 1994). Increasing cultural eutrophi-
cation has caused recent development of seasonal an-
oxia in deeper waters, which has restricted that habitat
for all fishes (Kaufman 1992).

In the early phases of Nile perch population growth,
haplochromine species comprised 80-90% of their di-
ets (Ogutu-Ohwayo 1994). Many haplochromines are
trophic specialists; most mature at a small size and have
low reproductive potential due to small clutch sizes
and extended parental care. This type of life history
pattern makes them particularly vulnerable to the effect
of a voracious and widely distributed predator such as
Nile perch (Ribbink 1987).

Most haplochromine stocks declined to low levels
and eventually experienced lakewide extirpation as the
Nile perch population increased. Although the rate of
extirpation is not well documented for the lake as a
whole, Ligtvoet and Mkumbo (1990) offer an excellent
local example; the catch rate of haplochromines in fish-
ery assessment trawls of Tanzania’s Mwanza Gulf de-
clined from 70-75 to <1 kg/h during 1986 through
1987 while Nile perch populations were increasing.
Nile perch diets were almost exclusively haplochrom-
ine prey initially, then gradually shifted to other fishes
as haplochromines disappeared. Similar changes in
haplochromine abundance and Nile perch diets oc-
curred earlier in Ugandan waters (Ogutu-Ohwayo
1994). By 1987, Nile perch in Tanzanian waters of Lake
Victoria had reached a biomass of 150 kg/ha (Ogutu-
Ohwayo 1994).

Analogous events transpired throughout the lake and
around its many islands (Ogutu-Ohwayo 1994). Con-
servative estimates hold that 150-200 of the endemic
fish species—most of which had not been fully de-
scribed by systematists—are now gone (Witte et al.
1992). In addition to the depletion of littoral and de-
mersal species that exhibited a wide range of trophic
specialization (Goldschmidt et al. 1993), those hap-
lochromines that were pelagic zooplanktivores and in-
sectivores declined as well. The Nile perch in Lake
Victoria has been claimed to have effected the greatest
vertebrate extinction known in recent times (Kaufman
1992, 1993).

Whereas conservation biologists decry the loss of
endemic species and of the previous extraordinary fish
diversity in Lake Victoria, the social and economic
benefits of the current fisheries are undeniable. Before
the Nile perch, total annual fisheries yield was
~100000 Mg (1 Mg = 1 metric ton) (Greboval 1990).
Yields during the recent past were 300000-500 000
mt, 80-90% of which was Nile perch. At present,
~19000 fishing canoes plus 100000 fishermen and
crew members are directly engaged in the fisheries. An
additional 250 000 other persons are employed in the
marketing and distribution system resulting from the
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fisheries. According to Greboval (1990), advent of the
Nile perch fishery produced 150000 new jobs and a
threefold increase in net economic benefits. Further,
these increases occurred in regions where unemploy-
ment was particularly high.

While a substantial literature has developed around
the dynamics of Lake Victoria, select recent sources
provide a contemporary perspective. Pitcher and Bundy
(1994) offer a review of traditional fishery analyses.
Witte et al. (1992) and Kaufman (1992) provide the
most complete overview of the biodiversity issues. The
forecasts of Ribbink (1987) and the anecdotal accounts
of Riedmiller (1994) offer strong evidence of the com-
plex socioeconomic context for the most powerful eco-
logical force operating in this ecosystem—human ac-
tivities.

Dominant components of the fish community are
now Nile perch, Nile tilapia, and a small zooplankti-
vorous cyprinid, Rastrineobola argentea (Ogutu-
Ohwayo 1994). The life history strategies of Nile ti-
lapia and Rastrineobola allow their persistence. Nile
tilapia was sympatric with Nile perch and appears re-
sistant to predation due to its rapid growth rate and
large adult size (>30 cm total length). Gill net fisheries
for Nile tilapia are now very productive and profitable.
In contrast, Rastrineobola has a small adult size (ma-
turity at 4.5-5.0 cm). Its evasive and schooling behav-
iors allow it to occupy surface waters of the pelagic
zone. Local fishermen estimate that its abundance has
increased 4-5 times since Nile perch appeared (S. B.
Wandera, Fisheries Research Institute, Jinja, Uganda,
personal communication). Rastrineobola fisheries are
expanding; they are pursued using night-light systems
and fine-mesh purse seines or Lampara lift-net systems.
Most Rastrineobola are sun-dried and sold as a protein
supplement for livestock feeds.

From a socioeconomic perspective, the Lake Victoria
fisheries are in a highly desirable state. There is modest
need for capital investment, effort and benefits are
broadly distributed, and markets remain receptive to
even greater yields. However, from a fishery manage-
ment perspective, the current state is problematic. Reg-
ulatory policies are difficult to define because they re-
quire international agreements. Fish populations
change more rapidly than the policy-making process.
Regulations are difficult to implement due to the dis-
persion of fishing effort and of the responsibility for
regulatory enforcement.

From an ecological perspective, the trophic system
is now relatively simple. Increased nutrient loading fu-
els algal blooms, increasing the detritus base consumed
by the extraordinarily abundant prawn Caridina nilo-
tica. This prawn is the main prey of juvenile Nile perch,
which is the primary prey of adult Nile perch. In the
nearshore environment, the omnivorous Nile tilapia
flourishes. Rastrineobola grows rapidly on the in-
creased abundance of large zooplankton and emerging
insects. Based on experiences in great lakes elsewhere,
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‘this much-simplified ecosystem is unlikely to remain
in its current state (Kaufman 1993).

Rationale for a modeling approach

Lake Victoria appears to be entering yet another pe-
riod of rapid ecological changes. Nile perch catches
peaked in the period of 1985-1990 and are now de-
clining while fishing effort is still increasing (Pitcher
and Bundy 1994, Riedmiller 1994). Fishermen are
switching to progressively smaller meshes in gill nets.
Juvenile Nile perch are increasingly exploited by beach
seine fisheries in many areas. Some haplochromine
populations are recovering in those areas where fish-
eries are most intense (e.g., Winam Gulf in Kenya; L.
Kaufman, Boston University, personal communica-
tion).

While sustained fishery yields are an obvious goal,
sustainable fishery management practices are based on
knowledge of stock size and age structure (Ludwig et
al. 1993). Reliable quantitative measures of the abun-
dance or age structure do not exist for the Nile perch
population in Lake Victoria, or for any of the sympatric
fish species. These shortcomings will not be resolved
before management actions are taken. Decisions will
be based on the best extant information. The current
state of knowledge is summarized by Riedmiller (1994:
332): “The maximum sustained yield of the lake is not
known, nor is it known whether an equilibrium could
be reached between the Nile perch and other species.”
Accordingly, we adopted an empirical modeling ap-
proach designed to employ available information as a
guide to evaluating alternative management scenarios.

We analyzed scenarios representing previous, cur-
rent, and future levels of predation and fishery effects,
and their consequent influence on both food web struc-
ture and the native fishes. We use a bioenergetics mod-
eling approach to estimate predation rates by Nile perch
and fishery yields under conditions that existed (1) be-
fore the advent of the Nile perch fishery, (2) as a result
of the fishery at its current state, and (3) with the full
effects of overexploitation that might develop if the
fisheries were unrestricted. In sum, these analyses re-
vealed the strong effect of adding another predator to
this system—fisheries—which has reduced the impact
of Nile perch predation and offers encouragement for
some recovery of the native fish community.

METHODS

We used the bioenergetics model of -Hewett and
Johnson (1992) to develop a quantitative assessment
of predation rates. Analogous applications have been
employed in developing estimates of ecological effects
and fisheries management approaches in North Amer-
ica’s Laurentian Great Lakes (Stewart et al. 1981, Jones
et al. 1993, Kitchell et al. 1994). At present, several
dozen publications exist describing the development of
parameters for this modeling approach (Kitchell et al.
1977, Kitchell 1983), detailed error and sensitivity
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analysis (Bartell et al. 1986, Rice and Cochran 1984)
and a user’s guide that explains the software (Hewett
and Johnson 1992). Accordingly, we will not detail
components of the model structure except as they per-
tain to development of a model for Nile perch in Lake
Victoria.

The bioenergetics model is simply a means for es-
timating daily energy budgets based on five basic kinds
of information: (1) a set of physiological parameters
defining the temperature and size dependence of growth
and metabolic rates, (2) estimates of temperatures ex-
perienced during the annual cycle, (3) growth curves
(size at age) for the species in that site, (4) proportions
by mass of prey in the diet and estimates of energy
densities for both predator and prey, and (5) estimates
of population parameters (natural and fishery mortality
rates). The software calculates all terms of the daily
budget in energy units (calories or Joules, where 1
calorie = 4.184 joules), and then converts them to units
of mass.

For Lake Victoria, the temperature dependence func-
tions are readily implemented because water temper-
atures change little (24°-26°C) during the year and ther-
mal stratification is minimal. We employed a constant
25°C for all calculations. The paucity of physiological
studies on Nile perch required that we make general
estimates for rates of anabolic and catabolic processes.
We used the nonlinear Model 2 approach for temper-
ature dependence, which is recommended for appli-
cations to warmwater fishes (Hewett and Johnson
1992). Experimental studies of Nile perch temperature
tolerance (Thompson et al. 1977) were used to estimate
the optimum temperature for feeding (T, = 27.5°C)
and the upper lethal temperatures (7, = 38°C). The
modeling approach involves specifying boundary con-
ditions for energy-budgeting processes. This requires
an estimate of maximum feeding rates (C,,,) and rou-
tine metabolic rates, R,, as a function of fish size. Ac-
cordingly, we used parameters that represent the modal
values for the 11 large piscivorous fishes summarized
in the appendix tables of Hewett and Johnson (1992).
Thus, for maximum feeding rates:

Cpan = 0.30W027, (1)

where W is fish mass (g) and C,,, is the mass-specific
maximum rate (g-g~!-d~!). These parameter estimates
were comparable to those for other large warmwater
piscivores such as largemouth bass, Micropterus sal-
moides, and striped bass, Morone saxatilis (Hewett and
Johnson 1992).

Equation 1 defines the upper limit of the scope for
growth. Based on the observed growth, the model then
calculates a parameter, p, that scales from 0 to 1.0 and
represents the proportion of the maximum feeding rate
required for the predator to grow at observed rates. For
example, if p = 0.50, the predator is growing at rates
that indicateé feeding at 50% of maximum capacity. This
parameter synthesizes the dynamics of energy budget-



656

JAMES F. KITCHELL ET AL.

Ecological Applications
Vol. 7, No. 2

TABLE 1. Parameter values and their literature sources in the bioenergetics model for Nile perch, Lates niloticus. Symbols
and units are presented in the format developed by Kitchell et al. (1977).

Symbol Parameter description Value Source
Respiration

RA Intercept for standard respiration 0.011 Hewett and Johnson (1992)

RB Slope for standard respiration —-0.20 Hewett and Johnson (1992)

RTO Optimal temperature for standard respiration 38.0°C Thompson et al. (1977)

RTM Maximum temperature for standard respiration 43.0°C Hewett and Johnson (1992)

RQ Slope for temperature dependence 2.5 Hewett and Johnson (1992)

ACT Activity respiration multiplier 2.0 Boisclair (1991)

S Specific dynamic action coefficient 0.163 Hewett and Johnson (1992)
Consumption

CA Intercept for maximum consumption 0.30 Hewett and Johnson (1992)

CB Slope for maximum consumption -0.27 Hewett and Johnson (1992)

CTO Optimal temperature for maximum consumption 27.5°C Thompson et al. (1977)

CT™M Maximum temperature for maximum consumption 38.0°C Thompson et al. (1977)

CQ Slope of temperature dependence 2.65 Hewett and Johnson (1992)
Waste losses

FA Fecal loss coefficient 0.104 Hewett and Johnson (1992)

UA Urinary loss coefficient 0.068 Hewett and Johnson (1992)

ing in a single value that facilitates comparisons among
cohorts, populations, etc. The energetics calculations
are not strongly influenced by the precision of param-
eter estimates for Eq. 1 unless the predator is feeding
at or near maximum feeding rates (Bartell et al. 1986).

Using the same approach (modal values for param-
eters), we estimated the mass-specific metabolic pa-
rameters for routine metabolism, R,, as:

R, = 0.011 W02, )

which expresses the cost of metabolic processes in their
mass equivalents (g-g~'-d"!). In keeping with the gen-
eral conclusion of Winberg (1960) and the more recent
discussion of this issue (Boisclair and Leggett 1991),
we increased metabolic output by setting the activity
parameter (ACT) of the Hewett and Johnson (1992)
model at a value of 2.0. This simply means that swim-
ming activity of the predator roughly doubles the ex-
penditure of energy over that estimated as routine met-
abolic rate. As for most piscivores (Hewett and Johnson
1992), the energetic cost of digesting, absorbing, and
assimilating food (SDA or specific dynamic action),
was set at a constant percentage (16%) of total food
consumed. Total metabolic output, R, by Nile perch
was therefore:

R, = 2R. + 0.16C.

As recommended by Hewett and Johnson (1992) for
piscivorous fishes, we estimated losses -to egestion (E)
and excretion (U) as 10% and 7% of consumed energy,
respectively. Parameter estimates for this bioenergetics
model are summarized in Table 1.

Growth rates of Nile perch in Lake Victoria were
calculated from the total length (TL, measured in cen-
timeters) — mass (W, measured in kilograms) equation
developed by Ogutu-Ohwayo (1994), where W =
0.0076TL3'2. Length at age estimates came from the
most recent and complete work by Hughes (1992). Nile

perch diets, which demonstrate substantial trophic on-
togeny, were taken from the 1988-1992 studies of Ogu-
tu-Ohwayo (1994). Diets of fish <20 cm TL are dom-
inated by invertebrates, especially the prawn Caridina
nilotica. Fish of 20-60 cm TL eat equal proportions
of invertebrates and fish, with Rastrineobola and ju-
venile Lates among the most common fish prey. Diets
of Nile perch in the size range of 60-100 cm TL are
80% fish, with juvenile Lates as the main component.
Large Nile perch (>100 cm TL) are exclusively pi-
scivorous; small Lates, juvenile Tilapia, and haploch-
romines are their main prey. We used the literature
summary of Hewett and Johnson (1992) and wet : dry
mass ratios for prey fishes (Ogutu-Ohwayo 1984) to
estimate energy densities in seven diet categories: Car-
idina and Anisoptera = 3.35 kJ/g; Rastineobola and
other fishes = 4.6 kl/g; and Tilapia, Lates, and hap-
lochromines = 5.0 kJ/g. As Lates get older and larger,
the muscle tissue increases in oil content and mesen-
teric fat deposits increase. This type of ontogenic
change in energy density is reported in many fishes and
is particularly well documented for some piscivorous
members of the Salmonidae (Stewart et al. 1983). Ac-
cordingly, we estimated the energy density of the pre-
dator’s growth to increase according to age, with age
0+ = 4.6 kl/g, and to increase 0.42 kJ/g for each age
up to age 5+. We assumed energy density of all fish
age 6+ and older to be 6.7 kJ/g.

Energy expended in reproduction is included in the
Hewett and Johnson (1992) model by estimating the
age at maturity, the mass of gonads at the time of
spawning, and the frequency and timing of spawning
in a given year. At spawning, energy accumulated
through growth is decremented and the fish’s mass re-
duced accordingly. The reproductive biology of Lates
includes some unusual features. Based on the extensive
work of Ogutu-Ohwayo (1994), male Lates mature at
an age of 2+ and TL of 50-55 cm. Virtually all mature
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" TaBLE 2. Total length and wet mass at different ages for Nile perch cohorts and the consequent parameter valuest used to
simulate growth in the bioenergetics model. Nile perch abundance is presented for each of the four fishery scenarios described
in the Methods section and presented in Fig. 1. Simulation of growth of age O+ fish began on day 118 after hatching.

Fishery scenario

Total
Age length Mass Beach Gill nets and
Cohort (yr) (cm) (kg) pt Historical Gill nets seines beach seines
| 0+ 10 0.0096 NAZ 1.0 X 10° 1.0 X 10 1.0 X 10° 1.0 X 10
2 1+ 28.7 0.28 0.46 5.0 X 10° 5.0 X 10° 39 X 10° 3.9 X 105
3 2+ 51.8 1.76 0.43 3.5 X 10° 3.5 X 10° 9.8 X 10* 9.8 X 10*
4 3+ 69.4 4.39 0.37 2.4 X 10° 1.7 X 10° 5.6 X 10* 3.9 X 104
5 4+ 82.8 7.62 0.35 1.7 X 10° 6.9 X 10¢ 3.9 X 10* 1.6 X 10*
6 5+ 93.0 10.95 0.38 1.4 X 10° 3.4 X 10* 3.1 X 10* 7.9 X 10?
7 6+ 105.4 16.17 0.35 8.4 X 10* 1.1 X 10* 1.9 X 10 2.5 X 10°
8 7+ 115.7 21.66 0.34 59 X 10* 4.4 X 10° 1.3 X 10* 1.0 X 10?
9 8+ 126.1 28.31 0.34 4.1 X 10* 1.8 X 10° 9.4 X 103 4.0 X 10?2
10 9+ 136.5 36.22 0.35 2.9 X 10* 7.0 X 10? 6.6 X 10° 1.6 X 102
11 10+ 146.8 45.58 0.35 2.0 X 10* 2.8 X 102 4.6 X 10° 64
12 11+ 157.2 56.31 0.35 1.4 X 10* 1.1 X 10? 3.2 X 103 25

+ The parameter value p represents the proportion of the maximum feeding rate required for the predator to grow at observed

rates.
I NA denotes ‘‘not applicable.”

fish <80 cm TL are male. Females mature at 85-100
cm TL and approximately age 5+. Fish >100 cm TL
are predominately mature females. Similar results can
be derived from Hopson’s (1972) study of L. niloticus
in Lake Chad. According to Ogutu-Ohwayo (1984,
1994), Nile perch spawn over a protracted period, but
each mature adult spawns only once per year and the
energy lost as gametes is equivalent to 2% of adult
mass for both males and females. Nile perch engage
in broadcast spawning in marshes and the littoral areas
of shallow bays. A 100-cm female produces =2 X 10°
eggs at her first spawning, and fecundity increases as
the cube of length (Ogutu-Ohwayo 1994). No estimates
exist for hatching success or for the causes and rates
of mortality in the early life history stages. Nile perch
do not engage in parental care.

Estimates of total predation require estimates of
abundance and age structure of the predator population.
While we have evidence for Nile perch size at age in
Lake Victoria, no estimates exist for relative abundance
at age. Following the example of Stewart et al. (1981),
we estimated the relative changes in predation effects
by simulating the dynamics of an initial population of
108 juvenile fish over their life span. To evaluate the
interaction of fishery effects and changes in predation
rates, we constructed a model including 12 cohorts and
11 age classes. Because little is known of the early life
history stages of Nile perch, we began our simulations
with age O+ fish, which weighed 9.6 g on day 118 of
the first year simulated and grew to 280 g by day 365
(Hughes 1992). We estimated natural mortality rates
(M) for this cohort (cohort 1) as 50% from day 118 to
day 365. Each subsequent cohort corresponded with an
age class of known length and mass on day 1 of the
year. Using the work of Pitcher and Bundy (1994), we
estimated natural mortality rates as 0.3 (30% per year)
for all other cohorts. To assess the effects of fishery
practices, we followed the general suggestion of Gul-

land (1971) that fishing mortality (F) should approxi-
mate that of natural mortality so that total mortality (Z)
would be Z = M + F for each cohort. This approach
was used by Pitcher and Bundy (1994) for estimating
sustainable yields of Nile perch in Lake Victoria and
serves as the baseline for our analyses. In the model,
mortality rates are converted from annual percentages
to instantaneous daily rates (Hewett and Johnson 1992).

As the basis for comparative study, we simulated
fishing scenarios that represent the extremes of con-
ditions in Lake Victoria. Natural mortality was held at
50%/yr for cohort 1 (age 0+) and 30%/yr for cohorts
2-12 (ages 1+ to 11) in all cases. First, we estimated
predation effects in the absence of fishing mortality,
chosen to represent the early 1970s when the Nile perch
population was expanding and haplochromine fishes
were still abundant (Ogutu-Ohwayo 1994). Next, we
estimated the effects of the current fishery, which is
primarily based on large-mesh (152-229 mm stretch
measure) gill nets that capture fish >50 cm TL (age
2+) and added fishing mortality (¥) as 30%/yr to the
mortality schedule for all cohorts from age 2+ and
older. Beach seine fisheries are known to have in-
creased rapidly in recent years, but they are unregulated
and poorly monitored. To simulate the effect of inten-
sive beach seine fisheries, we set fishing mortality at
30%/yr for the two juvenile cohorts (age 0+ and 1+),
then allowed no fishing mortality for ages 2+ and older.
To simulate an intense, fully effected fishery, we added
mortality from the beach seine fishery and the large
mesh gill net fishery so that fishing mortality was
30%/yr for all cohorts. Thus, total mortality was 80%
for cohort 1 and 60% per year for all other cohorts
when both fisheries are operating.

Combining physiological parameters, known growth
rates, and 1988-1992 diets for Nile perch in Lake Vic-
toria, we calculated values for the model parameter p
for the average individual in each cohort (Table 2).
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FiGg. 1. Upper panel: diet components (percentage of mass

in stomachs) as a function of age for Nile perch, Lates nil-
oticus, in Lake Victoria (from Ogutu-Ohwayo 1994). Lower
panel: individual mass and survivorship curves for a cohort
of 109 Nile perch as a function of age. Each survivorship
curve represents one of the scenarios simulated in the mod-
eling analysis: (1) natural mortality rates in the absence of
fishing, (2) fishing with large mesh gill nets, (3) fishing with
beach seines, and (4) fishing with gill nets plus beach seines.

Adding the natural mortality rates for each cohort and
alternative fishery practices yields the estimates of total
predation rates and total fishery yields under each of
the selected scenarios: no fishing, large mesh gill nets
only, beach seines only, and the combined effect of
large mesh gill nets and beach seines.

RESULTS

As an independent evaluation of the energy budget
calculations, we compared the distribution of the bal-
anced budget with that from other studies. From the
model, a 1-kg Nile perch growing at p = 0.43 has a
specific growth rate of 0.0059 g-g~!-d-!. Tagging stud-
ies conducted by Ogutu-Ohwayo (1994) revealed that
Nile perch of this size range were growing at 0.0060
g-g~!-d"! in Lake Victoria. The distribution of the nor-
malized energy budgeting rates (percentage per day)
for a 1-kg Nile perch when food consumption, C, is
set to 100% would be growth = 32%, egestion = 10%,
excretion = 6%, SDA = 15%, and routine plus active
metabolism = 37%. In other words, when feeding at
~43% of its maximum capacity, this fish absorbs 90%
of the food energy consumed, loses 16% to wastes,
expends 52% of its energy in metabolic processes (rou-
tine + active + SDA), and has a growth efficiency of
32%. Results from the model compare favorably with
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results of a general review of energy budget compo-
nents for rapidly growing carnivorous fishes, which
yielded an average growth efficiency of 29% (Brett and
Groves 1979).

As is generally observed, specific growth rates de-
cline with fish size, and values for p are greatest for
age 0+ fish, then decline with increasing fish size (Ta-
ble 2). Simulated decline in fish abundance correspond-
ed with the independent and additive effects of size-
selective fisheries (Fig. 1). Greatest mortality occurred
when both beach seine and large-mesh gill net fisheries
are employed. The product of average individual mass
(calculated from a standard growth curve) and survi-
vorship curves (Fig. 1) form the basis for many tra-
ditional fishery management models (Pitcher and Bun-
dy 1994). As an addition to that approach, the bioen-
ergetics model combined growth rates, survivorship
curves, and diet composition with the temperature- and
size-dependent rules of energy allocation, then calcu-
lated total predation rates on each prey type.

In the absence of exploitation, peak predation oc-
curred 4-6 yr after a cohort was formed (Fig. 2A).
Addition of the gill net fishery shifted peak of predation
to 2 yr earlier and reduced total predation by Nile perch
to =40% of that in the absence of fishing. An intensive
beach seine fishery would reduce the population in its
early stages and thereby reduce total predation to 25%

1 A. Total predation
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FIG. 2. (A) Simulated total predation rates, (B) predation

on haplochromines, and (C) predation on juvenile Lates nil-
oticus as a function of cohort age of Nile perch for each of
the four fishery scenarios (as Fig. 1).
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of its previous levels. Beach seine plus gill net fisheries
reduced total predation effects to <10% of those es-
timated for an unexploited Nile perch population.

As expected, fisheries for Lates led to a reduction in
haplochromine and juvenile Lates mortality (Fig. 2B
and C). Large Lates imposed the greatest predation on
haplochromines. Differences in the scales of panels A,
B, and C (Fig. 2) demonstrate the effects of Lates on
the formerly dominant haplochromine stocks and il-
lustrate the important role of cannibalism in the current
food web.

Peak predation on juvenile Lates was due to persis-
tence of older age classes of Nile perch, while the con-
verse was true for haplochromine prey. Any fishery for
the predator benefited all prey species, while addition
of the gill net fishery appeared to favor survival for
juvenile Lates. Addition of the beach seine fishery of-
fered greater relative survival for haplochromines. The
first reports of reappearance of haplochromines came
from Kenya’s Winam Gulf, where beach seine fisheries
for juvenile Nile perch originated and have been most
intensively pursued (Riedmiller 1994).

Our three fishery scenarios produced very different
yields from the simulated cohorts (Fig. 3). Number of

fish harvested was lowest when large gill nets were
employed, but the total mass of harvest (and price per
fish) would be much greater if the Nile perch were
allowed to grow. Total biomass of Lates harvested was
clearly reduced if beach seine fisheries depleted the
population before growth allowed accumulation of bio-
mass by the cohort. Fishing with gill nets alone pro-
vided three- to fourfold greater biomass yields than
those that derived from the combined fishery.

Among the important components of current fish-
eries, adult tilapia (Oreochromis niloticus) commands
the highest market prices per kilogram. Ogutu-Ohwayo
(1994) does not distinguish that species from other ti-
lapias, so we calculated effects of fisheries on con-
sumption by Nile perch for all tilapiines combined. In
fact, Nile tilapia is essentially the only tilapiine still
abundant in Lake Victoria, as it currently comprises
>95% of commercial catches and Nile perch diets
(Ogutu-Ohwayo 1994).

Fisheries had substantial, but contrasting, effects on
the three major components of Lake Victoria’s food
web (Fig. 4). Harvest of Lates biomass was greatest
under conditions of the large-mesh gill net fisheries.
Beach seine fisheries alone provided very low biomass
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yields. Their combination produced fishery yields less
than one-third of those derived from a large-net fishery,
thus the effect of fishing for juveniles substantially di-
minished total yields. Predation on haplochromines
(Fig. 4B) was greatest in the absence of fishery ex-
ploitation. Due to the reduction in large fish accom-
plished in each of the fishery scenarios, predation ef-
fects on haplochromines were reduced to very low lev-
els. Similarly, predation on the tilapiines was reduced
under each of the fishery scenarios, with the large-mesh
gill net fisheries having the least effect.

DiscussIioN
Comparisons with other systems

Events described for Lake Victoria were partially
anticipated. Among the native habitats .of Nile perch
is Lake Albert (Uganda—Zaire), where its prey assem-
blage is dominated by Alestes spp., which include eco-
logical analogues of Rastrineobola and tilapia species.
Nile perch was introduced to Uganda’s Lake Kyoga
and Lake Nabugabo in an attempt to evaluate the pros-
pect for introduction to Lake Victoria (Ogutu-Ohwayo
1990, 1993). The resultant changes in community
structure of both systems were similar to those ob-
served in Lake Victoria. These fish assemblages in-
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clude Rastrineobola and tilapias as the primary sym-
patric forms; other species, including some haploch-
romines, persist in all three lakes. The lessons from
lakes Kyoga and Nabugabo did not guide the manage-
ment decision, as Nile perch appeared in Lake Victoria
before its effects were evaluated elsewhere. Lessons
from Lake Kyoga also include a rapid expansion of the
Nile perch fishery, overexploitation, and the gradual
recovery of many prey species populations. Current
Nile perch yields from Kyoga are half or less of those
at their highest, and haplochromines have become more
abundant (Ogutu-Ohwayo 1994). Most recent events in
Lake Victoria suggest a similar trajectory.

Lake Victoria is now heavily influenced by its apical
predator—humans—and the factors that regulate their
behavior. This ecosystem cannot be restored to its an-
cestral condition because many endemic species are
gone, habitats have changed due to continuing cultural
eutrophication, and the inertia of the current fishery is
enormous. Management focused solely on complete re-
covery of the lake’s historical species diversity would
probably reduce total fishery yields and diminish eco-
nomic benefits to the hundreds of thousands of people
who depend on the lake’s fishery resources. Increased
social and political tensions would be a probable con-
sequence of the resultant economic stress. In fact, the
interests of European and North American conservation
biologists might best be served through maintenance
of a sustained, closely regulated fishery for Nile perch.
Where the fisheries are particularly intense, native spe-
cies are recovering and fish community diversity is
increasing. Similarly, ecologists and limnologists must
recognize that fisheries and the cascade of food web
effects they induce are a major cause of changes in this
ecosystem (Goldschmidt et al. 1993) and many others
(Kitchell 1992, Christensen and Pauly 1993). Fisheries
should be viewed as a trophic level and gill nets as a
species or size-selective predator fully as effective as
those known from the principles of predation outlined
in textbooks (Ricklefs 1990, Diana 1994, Stone 1995).
In an ecological sense, fishermen exhibit a steep func-
tional response to populations of their prey and have
a rapid numerical response (Johnson and Carpenter
1994). Preventing overexploitation requires a con-
straint on their numerical response (limited entry)
and/or reduction of their capture efficiency (e.g., gear,
season, and mesh size restrictions or size limit and total
catch quota systems).

The conflict of sustainable, high fishery yields and
restoration of native haplochromine stocks is clear from
our results. If the goal is to maintain high yields of
Lates (and the many socioeconomic benefits they
bring), then a strictly regulated large-mesh gill net fish-
ery would provide the most likely means to that end.
Given the growth rate of the gill net fishery in the past
decade, regulatory policy must develop a means for
constraining exploitation and/or regulating fishing ef-
fort. Expansion of the beach seine fishery encourages
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recruitment overfishing and is clearly disadvantageous
to the prospects for developing sustained, high-value
yields from the Lates fisheries.

A compromise of interests and benefits may be ef-
fected if the riparian governments can agree upon and
enforce restriction of the Nile perch fishery. Based on
experience in scores of other fisheries (Ludwig et al.
1993), regulations must be established to prevent yet
another tragedy of the commons and the ‘‘pauperiza-
tion” that typically accompanies overexploitation of a
fishery resource (Greboval 1990). Among the regula-
tions most likely to be effective (i.e., enforceable)
would be those that provide a uniform regulation for
gill net mesh size. Large-mesh gill nets provide greatest
yields to the fisheries, with their associated socioeco-
nomic benefits, and a substantial reduction in predation
effects. Those should allow some recovery of the hap-
lochromine species and maintenance or enhancement
of the tilapia populations.

All fishery scenarios bring a severalfold reduction
in the intensity of predation on haplochromines. Man-
agement goals based on recovery of native species have
obvious allies in the fisheries for Nile perch. Further,
the effects of fishery practices are similar for the ti-
lapiines. Their current abundance, as made evident in
the diets of Nile perch, is roughly 5 times greater than
that of the haplochromines. Although tilapia popula-
tions are probably heavily influenced by Nile perch
predation, they persist and maintain relatively high
abundances in the presence of this predator. The large-
mesh gill net fisheries reduce predation on prey of large
Nile perch (haplochromines and tilapiines) as well as
cannibalism on juvenile Lates. This is most apparent
in the greater survival of larger prey, the tilapiines. To
the extent that resource-based competition occurs in
this system, the introduction of the omnivorous Nile
tilapia may have created an impediment to recovery of
some of the trophic specialists among the haplochrom-
ine species.

Modeling caveats

Our modeling approach is simply an empirical anal-
ysis of growth and population effects for one predator.
It is only as precise and accurate as its inputs. This
application employed well-defined inputs for growth
rates and diet components. Although the physiological
parameters and costs of swimming activity were esti-
mated from those typical for other piscivores, the cal-
culated p values did not approach the upper or lower
limits of energy budgeting constraints and were all
within the range least influenced by bias or error in
parameter estimates. Thus, the model has potential er-
ror effects analogous to those presented by Rice and
Cochran (1984) and parameter sensitivities similar to
those outlined by Bartell et al. (1986). We also made
general estimates of energy density values for the pred-
ator and its prey. If those are in error, their effect would
be represented as a proportional and equivalent bias in
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all calculations. Thus, the conclusions based on com-
parison of results would not be substantially altered.
The general correspondence of energy budget com-
ponents with those known from other, ecologically
analogous fishes lends greater credence to this analysis.

The major assumptions and the most important pros-
pect for error in this analysis revolves around the es-
timates of mortality rates. Knowing that, we adopted
a strategy based on comparisons of strongly contrasting
conditions, i.e., intense fisheries vs. none, and effects
based on very different modes of exploitation. We also
interpret the results in general terms rather than making
specific, empirical conclusions. If and when better es-
timates of mortality rates become available, they will
apply to all four of our scenarios. That will improve,
but not radically change, the consequent interpreta-
tions. Where Nile perch fisheries are locally intense,
recovery of haplochromine stocks serves as an inde-
pendent indicator of the effects and mechanisms we
describe.

Our approach assumes a stable age distribution and
evaluates the consequences of different kinds of mor-
tality effects on predator—prey interactions. It did not
include the functional response of the predator or the
numerical dynamics of prey or predator in response to
changing mortality schedules (e.g., Johnson and Car-
penter 1994, Walters and Juanes 1994). Implementing
those prospects in any empirical or theoretical analysis
will require some accounting for three key unknowns:
the stock-recruit relationships for Nile perch and their
prey, the size-selective basis of predation processes or
fisheries, and the density dependence of the predator—
prey interaction. Given the logistics and financial con-
straints of field studies in Lake Victoria, resolving those
unknowns is a major challenge.

High levels of cannibalism are evident for Lates in
Lake Victoria. This raises an interesting, but unresol-
ved, question about the trade-off of predation and fish-
ery effects. Intense large-mesh gill net fisheries reduce
the extent of cannibalism, thereby fostering survival of
juvenile Lates. However, the beach seine fisheries har-
vest many immature fish, including a by-catch of other
species, and diminish the future reproductive potential
of both predator and prey populations through recruit-
ment overfishing. The steady state or equilibrium so-
lution to this problem can only be found if the fisheries
remain static and if the Lates population exhibits no
compensatory changes in growth rate or age and size
at sexual maturity. None of those conditions is likely
to hold (Hilborn and Walters 1992). In other systems
where cannibalism constrains recruitment, fish popu-
lations exhibit irruptive responses, and the consequent
food web dynamics are attuned to a frequency approx-
imating that of the typical adult life span for the pis-
civore (Carpenter 1993).

Given their enormous fecundity and the many un-
knowns associated with the early life history of Nile
perch, a pragmatic alternative for establishing expec-
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tations and management policies might focus on mea-
sures of juvenile abundance (e.g., abundance of 15-20
cm TL, age O+ fish in assessment trawls) and their
relationship to that of the adults. If general patterns
become apparent, a monitoring program based on stan-
dard catch indices of juveniles might be implemented
at little cost to the management agencies. This would
allow some indicator of recruitment to the fisheries at
age 2+ and older and a forecast of the relative strength
of predation effects as the new cohort ascends the tro-
phic hierarchy.

Under sponsorship of the European Community, a
lakewide fisheries stock assessment program is cur-
rently underway. This effort may produce the infor-
mation required to establish analyses based on popu-
lation dynamics of Nile perch and the complex feed-
back pathways for this predator—prey system. Consid-
ering the rapid rates of change exhibited by both
predation and fisheries effects, future research also
should attend to the prospect of density-dependent,
compensatory responses in the life history character-
istics of both the Nile perch and its prey (Ogutu-Ohwa-
yo 1994). Our familiarity with analogues elsewhere
(e.g., the Laurentian Great Lakes; Smith 1968) are
based on response rates for populations, communities,
and food webs in lakes of the temperate zone. As in
other tropical systems (Zaret and Paine 1973, Chris-
tensen and Pauly 1993), those in Lake Victoria will
undoubtedly be more rapid.

The future

Attempts to forecast the equilibrium, sustainable, or
steady-state condition of Lake Victoria can derive from
two traditional approaches. The assemblage of fishery
yield models presented by Pitcher and Bundy (1994)
demonstrates substantial differences among the alter-
natives. The best estimates of maximum sustainable
yields (MSY) for Nile perch range from 93 X 103 to
690 X 10° Mg per year, and differ largely as a result
of the assumptions and uncertainties associated with
each. Pitcher and Bundy (1994) point out that the 1990
catch (500 X 10° Mg) exceeds the majority of estimates
for MSY and their “‘best guess” MSY estimate of 300
X 10°® Mg per year.

An alternative approach derives from the ‘‘bottom-
up”’ view of traditional limnological studies, which ar-
gues that fundamental research will provide a means
for forecasting fish yields in large lakes. Among those
methods, the morpho-edaphic index (MEI) approach
has gained greatest application (Ryder 1982) and has
been used to estimate fish production rates in a diversity
of African lakes (Fryer and Iles 1972). The MEI es-
timate of fishery yield for Lake Victoria was 10
kg-ha~!-yr~! before Nile perch was introduced. Con-
ventional ecotrophic wisdom would hold that addition
of a top predator to the system should reduce yield to
the fisheries. In fact, addition of Nile perch to the Lake
Victoria food web caused fishery yields to rise to ~80

JAMES F. KITCHELL ET AL.

Ecological Applications
Vol. 7, No. 2

kg-ha-t.yr-! (Pitcher and Bundy 1994). The calculated
MEI for Lake Victoria would produce a sustained fish-
ery yield that is substantially below the current harvest
rates.

Although nutrient loading has increased in the recent
past and there is reason to be concerned about oxygen
depletion in deep-water habitats (Hecky et al. 1994),
the reported doubling in primary production rates is
insufficient to account for the disparities in fishery
yield estimates. Our view is that neither of the con-
ventional approaches to estimating sustainable yields
offer much guidance in forecasting the future of the
Lake Victoria ecosystem. Its dynamics are now, and
will likely continue to be, most strongly influenced by
the rapidly growing populations of humans whose in-
centives to catch fish are generally in conflict with the
goals of sustainable management policies (Ludwig et
al. 1993) and whose behavior as a predator defies ex-
pectations based on equilibrium models.

Another ominous exotic has appeared in Lake Vic-
toria. The water hyacinth (Eichhornia crassipes) re-
cently invaded from the Kagera River in Rwanda,
spread rapidly throughout the lake, and now clogs bays
and landings, fouls fishing nets, causes anoxia beneath
its dense mats in the littoral zone, and creates a habitat
where snails and the resulting schistosomiasis may be
enhanced, to the detriment of human health (Twongo
1991). It also provides refuge from predation for the
juvenile stages of many fishes in both the littoral and
pelagic habitats. The potential for water hyacinth in-
crease is unknown. Thus, its ecological and economic
impacts remain a major question. A water hyacinth
reduction program is currently being evaluated based
on biological control through introduction of two insect
species (weevils) that feed on water hyacinth. In the
interim, mechanical removal seems the only alternative
for dealing with water hyacinth mats at landing beach-
es, water intakes, and the major hydroelectric dam at
the source of the Victoria Nile, Owen Falls near Jinja,
Uganda, which is a primary source of power to much
of the region.

Our analyses of predation and fishery effects in Lake
Victoria are based on extensions of current conditions
to their likely maximum. The present state of this sys-
tem is most like that represented by the conditions sim-
ulated under fisheries based on large-mesh gill nets.
Reports of declining catch rates and the consequent
response by the apical predator (fisheries are switching
to smaller mesh nets [Riedmiller 1994]) indicate that
the system is in a transient state characterized by de-
clining piscivory, diminishing fishery yields, intensi-
fying socioeconomic stressors, and the continuing re-
covery by populations of those species that serve as
primary prey of the Nile perch.

Estimating the future state of Lake Victoria will re-
quire greater and continuing resolution of the status of
fish populations, attention to the ominous portent of
deepwater oxygen depletion as it relates to nutrient
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loading and cycling (Hecky et al. 1994, MacIntyre and
Melack 1995), and development of a combination of
conceptual, empirical, and modeling approaches for
characterizing food web interactions (Reinthal and
Kling 1994). Included among the latter must be an
evaluation of the consequences of alternative fishery
management policies (Kitchell 1992). Fishing is a po-
tent ecological force and is clearly among the most
important regulators of trophic dynamics in the Lake
Victoria ecosystem.
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