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Chapter six
Population Dynamics and M anagement

K. Lorenzen

6.1 INTRODUCTION

Thetilapias are of mgjor economic and ecologica importance, being exploited in capturefisheries
and aquaculture systems at all levels of intensity, and having invaded tropical fresh and brackish
water ecosystems on all continents as aresult of intentiona or accidental introductions. Perhaps
the most striking ecological feature of thetilapiasistheir ability to reproduce readily inadmost any
environment, from lakesto aguaculture tanks or aquaria. Thisability, together with aremarkable
plasticity in life history traits, is seen as areason for their successful colonisation of such awide
range of habitats. It is also, however, a source of management problems in culture where early
maturation and prolific breeding may lead to “stunting”, dense populations of small individuals
below marketable size. Population dynamics, the study of the abundance and biomass dynamicsof
populations, their underlying mechanisms and their management consequences, is therefore
relevant to all forms of tilapiaexploitation. At the same time, the wide range of manipulationsto
which tilapia populations are being subjected provides a unique opportunity to investigate
fundamental problems in fish population biology.

The phenomenon of “stunting” or “dwarfing” in tilapias has attracted much attention in the
literature, not least because of the practical problem it presentsin aquaculture. It has often been
suggested that “stunting” isaresponse, possibly uniqueto thetilapias, to conditions of stressand
high mortality (e.g. lles 1973). However, a review of “stunting” in wild and farmed tilapias
(section 6.4) indicates that this view is midleading: “stunting” is a collective term applied to
different life historieslinked in but onetrait (low maximumsize), it may occur under conditions of
low aswell ashigh mortality, and it isby no means uniqueto tilapias. Because the term “stunting”
is s0 poorly defined, it will not be used in this chapter except in until section 6.4 where the
phenomenon is reviewed in depth.

The aimsof this chapter are threefold: to provide an introduction to tilapia population dynamics,
to show how population dynamics approaches can aid the management of wild aswell asfarmed
stocks, and to explore the significance of life history variation to both areas. Significant advances
in our understanding of tilapia population biology will require constructive interaction between
experimentally orientated aquaculture, field studies of wild populations, and the development of a
common theoretical framework. The chapter aimsto foster this development by integrating across



wild and farmed populations, and emphasising the applicability of common concepts and
approaches in aguaculture and fisheries ecology.

Becausethe aimof thischapter isto synthesise current understanding of tilapiapopulation biology
and its application to practical management, it relies heavily on the detailed information available
for afew well-studied species, mainly of the genus Oreochromis. Although these species are not
necessarily representative of the tilapias as awhole, they represent the most important exploited
species and thereis no reason to believe that their population biology is fundamentally atypical.

The chapter isorganised asfollows. Thefirst section reviewsinformation relating to the processes
of individual growth, mortality and reproduction. Thisisfollowed by a discussion of thedynamics
and management of tilapia populations, both in thewild and in culture, and the dynamicsof tilapia
invasons. The final section exploreslife history variation inthetilapias, with particular reference
to the “stunting” problem and its underlying mechanisms.

6.2 POPULATION PROCESSES

The present section dedls individually with the processes of body growth, mortality and
reproduction. To analyse each trait in isolation helps to identify the key proximate factors
governing them. Ultimately, however, thetraitsare related through fitnesstrade-offs, which lead
to the evolution of certain relationships between them (Beverton and Holt, 1959; Beverton, 1992;
Roff, 1992; Charnov, 1993; Mangel, 1996; Jensen, 1996). Such relationshipsin the tilapias are
explored further in section 6.4.

6.2.1 Growth

Individua growth is of key importance to the management of wild and cultured stocks, and has
been studied extensively in tilapias. To alow a quantitative comparison of growth, the relevant
patterns must be described mathematically. Mathematical models of different degrees of
complexity have been developed to describe growth in fish. Simple models such as the von
Bertalanffy growth function describe growth by parameters that relate directly to key patterns
(e.g. asymptotic size), and can be estimated relatively easily. Complex physiological and bio-
energetic growth models have the potential to provide insights into the factors and mechanisms
determining growth patterns, but require a larger number of parameters that describe
physiological processesand are not in any obviousway related to particular growth patterns. Such
models are outside the scope of this chapter, but interested readersare referred to Liu and Chang
(1992); Van Dam and Pauly (1995); and Yi (1998).

Inecological studiesthe choice of growth model isusually determined by practical congderations,
and how well alternative modelsfit the available data. In optimality models of life history theory,
however, the choice growth model may have far-reaching implications and must be considered
carefully (Day and Taylor 1997).



(a) Describing growth: the VBGF

Throughout thischapter, growth isdescribed by the conventional von Bertalanffy growth function
(VBGF) or closdy related models. Von Bertadanffy (1957) developed the VBGF on the basis of
physiological considerations. The commonly used forms of the equation,

L= Ly (1-e*¢10) (Eq. 6.13)
for growth in length and
W, = Wy (1-e¥t19)3 (Eq 6.1b)

for growth in weight were derived by Beverton and Holt (1957). In these equations, Ly and Wt are
the length and weight at time t, and L, and Wy are the asymptotic length and weight towards
whichthefishgrow at rate K. The parameter t, definesthe position of the growth curve alongthe
time axis. Equation (6.1b) assumes an isometric length-weigh relationship (i.e. weight
proportional to the cube of length). An empiricaly determined alometric exponent may be
substituted for the third power in Equation 6.1b to derive amore general weight growth equation
(see also Pauly 1981).

In order to facilitate the comparison of overall growth performance between populations that
differ in both asymptotic sze and growth rate, it is dedrable to define an index that conveys
growth performance information in asingle number. An obvious candidate for suchanindex isthe
maximum weight growth rate, which is attained at the inflexion point of Equation (6.1b):

(dW/dt)max = (4/9) KWy (Eq.6.2)

Pauly (1981) defined the growth performance index P, which is proportional to the logarithm of
the maximum weight growth rate:

P = logio(KWy) (Eq. 6.3)

Although other indices of growth performance have been proposed (Moreau et al ., 1986), Pisthe
most readily interpretable in terms of the maximum growth rate. Jensen (1997) has added afurther
interpretation to the index, which is discussed below.

The physiologicd basis of the VBGF may be summarised as follows: growth isthe net result of
the opposing processes of anabolism and catabolism (metabolism). Anabolism is limited by the
rate at which resources can be acquired by the organism, which is assumed to be approximately
proportional to body length to the power of two. Different reasons have been advanced for this
proportionality. The limiting effects of body surfaces on resource uptake in general, or of the gill
surface area on oxygen uptake in particular, have been advanced by von Bertalanffy (1957) and
Pauly (1981), while Walters and Post (1993) propose that the search rate and swimming speed of
fishes scale with the second power of length. Catabolism is approximately proportiona to body
weight, i.e. the third power of length. Several authors have interpreted and extended the VBGF
(Beverton and Holt, 1957; Pauly, 1981; Wdters and Post, 1993; Roff, 1983; Lorenzen, 19963,
Jensen, 1997), and this has led to some generaisations with regards to the growth patterns that
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can be expected under particular circumstances. (1) Differences purdly in the rate at which
resources are acquired by the organism (relative to the requirement, proportional to lengthto the
power of two) will lead to differencesin asymptotic size (L4 and W,), but not inthe growth rate
(K). (2) Differences in the allocation of resources to somatic growth and other body functions
such as reproduction or predator avoidance will affect the growth rate (K) as well as the
asymptotic size. The growth rate K may also be affected if the relative rate at which resourcesare
acquired changes with the size of fish, for example because population biomass and therefore the
degree of resource competition changes as the fish grow (e.g. single cohort aquaculture,
Lorenzen, 1996a), or because competition between size groupsisasymmetric (Waltersand Pog,
1993). Jensen (1997) shows that, for organisms that acquire resources a the same rate but
dlocatethemdifferently, K and W can be expected to beinversdy proportional. Thisaso implies
that the maximum weight growth rates and growth performance index P of these organismswill
be the same (cf. Eq. 6.2, 6.3), but will be achieved at different sizes and ages (see also Fig. 6.1).

Beverton and Holt (1957), Walters and Post (1993) and L orenzen (1996a) have extended von
Bertalanffy’' stheory of growth to account for density-dependence resulting from competition for
food. The model by Lorenzen (1996a), which will be applied to tilapia growth later on, assumesa
linear relationship between asymptotic length and population biomass and the equivalent
relationship for asymptotic weight:

Le=(L .—9B) (Eq. 6.49)
Wg=(W *-cB)® (Eq. 6.4b)

where L | and W | are the (extrapolated) asymptotic length and weight in the absence of
competition (B -> 0), and g and ¢ are the competition coefficients for length and for weight. The
model of Waltersand Post (1993) was developed specifically to address competitive asymmetries
in agelsize structured populations, and allows for more complex relationships between the
abundance of age/size groups and asymptotic size. A result of general interest isthat competitive
asymmetries are expected to result in apparent changes in the growth rate K with density. This
suggests that simple models will describe density-dependent growth well in omnivorous species
that do not show major ontogenic shifts in diet or competitive asymmetries (inequitable
partitioning of resources between fish of different ages/sizes). This has indeed been shown for
carp (Lorenzen, 19964).

(b) Comparative analyss of growth patterns

Extendve, comparative studies of tilapia growth performance in wild stocks and in aguaculture
have been reported by Moreau et al. (1986) and Pauly et al. (1988). Tilapiagrowth patternsvary
widely between and within species. In natural populations the highest asymptotic sizes of 500 mm
inlength or 7000 g in weight have been recorded for O. niloticus, while populations of O. aureus
and Tilapia zllii rarely reach more than 250 mm in length or 600 g in weight. In aquaculture,
asymptotic sizes of less than 200 mm in length or 500 g in weight are common regardless of the
seciesused. Typical valuesfor thegrowth rate K rangefrom0.2 to 0.8y in natural populations,
but can be an order of magnitude higher in culture.



Anoverview of observed growth parametersin natural and cultured populationsof O. nilaticusis
giveninFigure 6.1(a). Therearetwo clearly separated clusters, one of wild populationswith high
W and low K, and one of cultured populations with low W, and high K. The line of slope -1
indicated in Figure 6.1(a) connects points of equal growth performance P (Eg. 6.3; Pauly, 1981).
The average growth performance P and therefore maximum growth ratesin natura and farmed
populations of O. niloticus overlap widely, although on average P is higher in culture (see also
Fig. 6.2). The different growth patterns implied by different points on the sameisoline of P are
illustrated on Figure 6.1(b).

[Figure 6.1 about herg]

The question remains why values of K in aguaculture tend to be much higher than in natura
stocks. The above discussion of VBGF patterns and their physiological interpretations suggests
several, not mutually exclusive possihilities. Under culture conditions, fishmay increasedlocation
of resources to maintenance metabolism (Pauly, 1981) and reproduction, and/or resource
acquisition may decline reative to requirements as the population approaches the system’'s
carrying capacity (Lorenzen, 1996a). The analysis of density-dependent growthin pond culture of
O. spilurus niger (see below) suggests a combination of both mechanisms: density-dependence
accounts for some apparent variation in K, but even the value of K estimated for the density-
dependent VBGF is high relative to the values found in natural populations.

Pauly et al. (1998) compared overall growth performance of different tilapia speciesin the wild
and in culture. Growth performance P measured in wild stocks overlapped widely among the
soecies (Fig. 6.2). Median growth performance in culture was higher in culture than in natura
socksfor must species, with the differencesin growth performance P evident in O. aureusand T.
allii (22 and 33% respectively). These conclusions are moderately sensitive to the choice of
growth performance index: Pauly et al. (1988) based their final assessment on adifferent growth
performanceindex (f '), which indicated afar greater magnitude of differences between cultured
and wild stocks, but similar relative patterns.

[Figure 6.2 about herg]

The maximum or asymptotic sizeintilapia populationstendsto be positively related to the sze of
the water body in which they live. This has been noticed by Lowe (McConnell) (1958) for O.
niloticus, and isalso borne out inthe O. mossambicusdata assembled intable 6.1. (Fig. 6.3). This
suggeststhat the absolute allocation of resourcesto growth ishigher inindividuaslivinginlarger
water bodies, either because of higher acquisition or because of a higher relative dlocation to
growth (or a combination of the two).

[Figure 6.3 about here]
(c) Plasticity in growth
Thegrowth of tilapiasis highly plastic, regponding immediately to changesin resource availability
and other factors. Van Someren and Whitehead (1959) transferred mature males of O. spilurus

niger from adensdly populated pond where they were approaching their asymptotic weight to a
less densdly populated pond, where they resumed rapid growth towards a higher asymptotic
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weight. Thisdemonstratesclearly that, rather than being determined early onin life, the growth of
tilapias responds quickly to changing conditions throughout life.

An aspect of plagticity of particular interest to the management of populationsand the " stunting”
problemis density-dependence. Perhapsthe best experimental data on density-dependent growth
in tilapias can be found in van Someren and Whitehead (1961), who stocked and harvested, ina
staggered fashion, four cohorts of O. spilurus niger in a pond and monitored their growth. The
resulting growth patternsareillustrated in Figure 6.4(a), together with afitted density-dependent
VBGF model. Total biomass in the experimental pond increased rapidly over six months and
declined thereafter, and this pattern is mirrored by changes in asymptotic weight (Fig. 6.4(b)).
Densty-dependence has generated a wide variety of growth patterns. The most striking
differences are apparent between thefirst stocked cohort, growing to alow asymptotic weight at
a high apparent growth rate as biomass increases, and the last stocked cohort growing almost
linearly towards alarge size as biomass is gradually reduced. Using a conventional (non density-
dependent) VGBF (Eg.6.1b), growth inthefirst cohort isdescribed by W =132g and K=4.1/year,
while growth inthe last stocked cohort is described by W =349g and K=1.3/year. Thefull range
of patternsiswell described by a simple density-dependent model with constant K and asymptotic
sze asfunction of total biomass (Equation 6.8, parameter values. W | = 3949, K=2.1/year, and
c= 0.019g"°*halkg). The estimated vaue of K = 2.1/year is somewhat higher than the values
estimated for conventional VBGF models applied to wild populations (Pauly et al., 1988; seeadso
Fig. 6.1(a)). Thissuggeststhat the high values of K estimated in single cohort aquaculture (Pauly
et al., 1988) result from a combination of increasing resource competition as the culture cycle
progresses, and a higher allocation to functions other than growth.

[Figure 6.4 about here]

The primary factor mediating density dependencein growthin natural and extensively farmed fish
is competition for food (e.g. Lorenzen 1996a). Food availability in itself, of course, hasastrong
effect on tilapia growth (see Diana, 1997, for a review). Nutritional constraints in particular
ontogenic stages have been linked to restricted growth in the O. mossambi cus population of Lake
Sibaya (Bowen 1979), and smilarly “trophic bottlenecks’ have been implicated in growth
depression in non-tilapiines (Heath and Roff, 1996).

Apart from population density and food supply in generd, arange of other environmental factors
influence growth in tilapias. A frequently cited pond culture experiment by Chen and Prowse
(1964) suggests that the size of the pond in which the population lives may affect the growth of
tilapias even when density is held constant. However, this result rests on the markedly higher
growth observed in asingle, large pond and has not been replicated.

Changes in habitat availability have been shown to affect growth in resident tilapia populations.
Dudley (1974) found a strong positive correlation between growth increments in three tilapia
soecies and the extent of seasonal flooding in the Kafue floodplain, Zambia. The damming of the
Zambezi to form Lake Kariba has led to a marked increase in the growth of the endemic O.
mortimeri (Harding, 1965).



The relationship between oxygen availability and growth is of practical as well as theoretica
interest. Pauly (1981) hypothesised that oxygen availability was the primary factor limiting the
growth of fishesand developed a“ generalised” version of the VBGF to account for thelimitations
to growth arising from geometric constraints on gill surface area. Although thishypothesishasnot
been tested explicitly, thereis experimental evidence for an effect of oxygen availability ongrowth
in tilapias (Tsadik and Kutty, 1987; Papotsoglou and Tziha, 1996). Van Dam and Pauly (1995)
incorporated an oxygen limitation term based on Pauly’ stheory into adynamic simulation model
for fish growth, and showed that the model can reproduce the effects of low oxygen saturationon
final weights of O. niloticus observed by Tsadik and Kutty (1987). This does not, however, imply
that oxygen availability is the principal factor limiting fish growth under natural or culture
conditions. Many studies point to an overwheming effect of food supply (e.g. Prein, 1993a;
Lorenzen, 1996a; Diana 1997), but oxygen may become limiting under very high densities and
rates of feed or fertiliser supply (Teichert-Coddington and Green, 1993; see also Ross, this
volume).

(d) Sexual growth dimorphism

It haslong been noted that in many tilapia species, malestend to grow at a higher rate and/or to a
larger asymptotic size than females (e.g. Fryer and lles, 1972). This pattern is unusual within the
fishes, where females often grow larger than males. Among the reasons advanced for maegrowth
“superiority” intilapias are a sex-specific physiologica growth capacity, cessation of feeding and
growth during female mouth brooding, and behavioural interactions. Schreiber et al. (1998)
demongtrate that in individually reared O. niloticus, males show a lower growth rate and feed
conversion efficiency than females. Thisindicatesthat the physological growth capacity isin fact
higher in femalesthanin males, and the opposite relationship commonly observed ingroup rearing
must be due to either the effect of reproduction or behavioural factors. Empirical evidence with
regards to the latter two possibilities is somewhat inconclusive. A number of studies indicate
marked growth differences between monosex populations of the same species (O. spilurus: Van
Someren and Whitehead, 1960; O. niloticus: Pauly et al., 1988), implying that the differences
persist even when no breeding takes place. Conversely, Bolivar et al. (1993) show that in some
drains of O. niloticus at least, non-breeding females have growth patterns similar to those of
males. Bramick et al. (1995) studied triploid O. niloticus and found no difference in growth
between diploid and triploid sibsup to the onset of reproductionin diploids. Thereafter, growthin
diploid females declined immediately relative to their later maturing triploid sbs. Growth in
diploid males only declined after large numbers of fry occurred in the experimental ponds,
suggesting that the decline in growth was linked to increased competition rather than the energetic
costs of reproduction.

(e) Individual variability and genetics

Individua variability in growth may have important implicationsfor the dynamicsand life history
evolution of populations, and consequently for their management (Lomnicki, 1988; De Angelis
and Gross, 1992; Tyler and Rose, 1994; Mangel, 1996; Stampset al., 1998). Variahility ingrowth
may be due to phenotypic plasticity as well as genetically determined growth potential. In
laboratory situations, tilapias may exhibit ahigh degree of individual variahility ingrowth linked to
hierarchical interactions. Fernandesand Volpatro (1993) show how hierarchical interactionslead
to increased heterogeneity in growth, related largely to metabolic differences between dominant
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and subordinate fish. The question to what extent individual variability in growth has a genetic
basis is of obvious relevance for selective breeding programmes, as well as the sdective
exploitation of natural populations. A comparative study of the growth of different strains of O.
niloticus under arange of farming conditions has shown that rain effects were significant, but
only accounted for a low proportion (1.5 %) of the overall observed variation in growth rates
(Eknath et al., 1993). The proportion of variation explained by genetic differencesis, of course,
expected to be higher if only populations within a single environment are considered. Silliman
(1975) subjected laboratory populations of O. mossambicus to selective and unselective fishing
over aperiod of about four generations, and subjected groups of mature fish fromboth trestments
to growth experimentsunder similar conditions. He found no differencein the growth of femaes,
while males from the unselectively fished population grew larger than those from the selectively
fished one. Theresult istherefore somewhat inconclusive, aswell as of questionable validity. The
growth tests have been carried out using large fish that had experienced different conditions
during husbandry prior to theted, rather than individuals of the following generation reared under
identical conditions.

6.2.2 Mortality
Despite of its obvious importance to life history evolution, ecology and management, mortality

has been studied far less than growth or reproduction, being more difficult to measure in field
Stuations and considered less controllable in culture.

(a) Describing mortality

Traditionally, mortality is described as proportional survival over aculture period in aguaculture,
and as an instantaneous rate in fisheries ecology (for a discussion see Hopkins and Pauly, 1993).
The development of population numbers over time under the influence of acongtant instantaneous
mortality rate is described by

N; = No e (Eq. 6.5)

where N is the population abundance at timet, N, isthe initial number at time t=0, and Z isthe
instantaneous mortality rate. Proportional survival S fromt=0to t is defined by

S=N:/No (Eq. 6.6)
Consequently, Sand Z arerelated by

S=¢% (Eq. 6.7)

Among the advantages of using instantaneous mortdality are that they are independent of the study
period and can therefore be compared easily, and that they are additive. In fisheries ecology, the
total mortality rate Z is often written as the sum of the mortality rate F caused by fishing, and the
natural mortality rate M due to al other causes (e.g. predation, parasitism, or adverse
environmental conditions):

Z=M+F (Eq. 6.8)
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(b) Comparative information on mortality rates

An overview of the range and median of total mortality rates determined for some tilapia
populationsin different habitats is given in Fig. 6.5. Datafor natural populations are from Table
6.1, and reflect mortality dueto fishing aswell as natural causes. Datafor pond and cage culture
have been extracted from Lorenzen (1996b), and reflect natural mortality during the on-growing
period in culture, i.e. excluding the final, catastrophic event of fishing mortality characteristic of
socksin single cohort aquaculture. Total mortality ratesinthe natural populationsrangefrom0.4
to 5.8, with median values of 1.8/year inlakes (> 100 ha), 0.8/year inrivers, and 2.1/year in small
water bodies of less than 100 hain area. Sample sizes in al categories are too small to provide
anything more than a rough indication, but its is worth noting that some populations suffer
extremely high total mortality rates, and that there is no obvious relationship between (natural)
habitat type and total mortality rate. The highest degree of variation is evident in small water
bodies, which account for the lowest and well as the highest recorded values. Mortality ratesin
pond and cage culture are comparatively low, ranging from 0.01/year to 1.4/year, with a median
of 0.2/year. This category includes many ponds that are not unlike natural small water bodiesin
terms of fluctuations of physico-chemical parameters etc., but there are no instances of
particularly high mortality. Mortality ratesin small water bodies are particularly variable, but there
is o evidence to suggest that they are different on average from those in larger water bodies.

[Figure 6.5 about here]

Certain methods of fisheries assessment (dynamic pool models, see Section 6.3.4) require the
separation of total mortality into its components due to fishing and due to natura causes.
Unfortunately, the natural mortality rate of an exploited population isdifficult to assess, and there
is only one well-documented estimate of natural mortality in a wild tilapia population, for O.
esculentusin Lake Victoriain the late 1950s (Garrod, 1963). Pauly (1980) developed a multiple
regression model predicting natural mortality from growth parameters and mean environmental
temperature, which has been widely used to provide estimates of natural mortality in assessments
of tilapia (as well as many other) stocks. Pauly’s original data set included Garrod's natural
mortality estimate for O. esculentus as the only estimate for tilapiines.

(c) Size dependence

Natural mortality rates in fish are strongly size-dependent, and can be described by a power
function of the form

Muw=M W ° (Eq. 6.9)

where My isthe natural mortality at weight W, M, isthen natural mortality at unit weight, and b
is the allometric exponent of the relationship. A comparative analysis of mortality—weight
relationships across awide range fish species (Lorenzen, 1996b) showed that natural ecosystems
are characterised by acommon natural mortality-weight relationship with an allometric exponent
of b= — 0.29. Natura mortality in aguaculture systems was lower overall than in natura
ecosystems, but more strongly weight-dependent with an allometric exponent of b = -0.43.
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The study by Lorenzen (1996b) included 36 natural mortality estimates for tilapiasin pond and
cage culture, spanning arange of mean weightsfrom 0.45 to 330 g. Thesedataare shownin Fig.
6.6, together with the corresponding mortality-weight relationship estimated by non-parametric
(Theil) regression (Sprent, 1989). The parameters (with 90% CI) of the relationship for tilapia
pond and cage cultureare b =-0.60[-0.67, -0.45] and M, = 2.9[2.3, 3.7] /year. These parameters
are not dgnificantly different from those estimated for the full set of pond and cage culture data,
including or excluding the tilapia data analysed here. This suggests that in tilapias, too, natural
mortality ratesin aguaculture are more strongly size dependent than in wild stocks. Consequently,
natural mortality rates of large/mature are far lower in culture than in natural stocks. Thereareno
dataon mortality-weight relationshipsin wild tilapia populations, but these relaionships have been
found to be quite consistent among other populations (Lorenzen 1996b) and thereisno reasonto
expect very different patternsin the tilapias.

[Figure 6.6 about here]

Size-dependence in mortality has important ecological and life history implications, because it
provides adirect link between growth and survival. Inthe context of the“stunting” problem, it is
worth noting that populations characterised by a low maximum size can be expected to show
reduced longevity compared to large growing populations, simply as a result of size-dependent
mortality.

(d) Factors determining mortality rates

Mortality rates are determined by a combination of environmenta factors (e.g. temperature,
presence of predators), and factors rooted in the behaviour, physiology and genetics of the
individual organism (e.g. choice of habitat, predator avoidance behaviour). Thesefactorsand their
interaction are poorly understood, and have been little studied in the tilapias. However, asudy on
the influence of salinity on mortality in cultured tilapia illustrates the potentia usefulness of
systematic mortality studies to management. Hopkins and Pauly (1993) showed that in pure O.
niloticus stocks, mortality increaseswith increasing salinity, while O. niloticusx O. mossambicus
hybrid stocks show the opposite trend. Further quantitative studies on mortality in cultureand in
wild populations could lead to significant improvements in management, and may also provide
insights into fundamental ecological questions (see e.g the discussion on predation mortdity in
Lorenzen 1996h).

6.2.3 Reproduction

Thetilapias have certain reproductive strategies that set them apart from the vast majority of fish
soecies. All tilapias normally build and spawn in nests, around which they defend territories.
Spawning is followed by guarding of the brood by both parents in the Genus Tilapia, female
mouthbrooding of eggs and fry in Oreochromis, and bi-parental mouthbrooding of eggs only in
Sarotherodon. Relative gonad weight in tilapias rarely exceeds 6 % of body weight, and is
therefore near the lower limit observed for teleost fish (Peters, 1963; Iles, 1973). Overall, tilapias
are characterised by avery high fertility: 150 adult fish have been reported to have produced 15
000 fry in less than four months (Hickling, 1963). Fecundity (the number of eggs produced) is
approximately proportiona weight, or the third power of length, in the substrate spawning
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tilapias, but scaleswith the second power of length in mouthbrooders (Welcomme, 1967; Jaabert
and Zohar, 1982).

Reproductive biology iscovered in depth by Turner (thisvolume), and thediscussion herefocuses
on aspects of particular interest to population dynamics and life history analyss: size and age at
maturity.

(a) Describing size and age at maturity

In physiological terms, the onset of the maturation process may be distinguished from a phase of
final maturation, and the two phases appear to be influenced by different cues (Brummett, 1995).
The maturation process may be described in terms of maturity stages, based on gonada
morphology (e.g. Nikolsky 1969), and “late” stages may be distinguished form “early” stagesin
order to classify organisms as mature or immature. The age and length at maturity is usually
expressed as the age/length at which 50% of the population are mature (i.e. in late stages of
gonadal development), determined by fitting a logistic function to proportional maturity data
(King, 1995). Where information based on gonadal morphology isnot available, other indicators
of maturity may be used as a proxy, for example coloration (e.g Lowe (McConnell), 1958).

(b) Variation in reproductivetraits

Thetilapias are renowned for their variability in reproductive traits, in particular the age and size
a maturity. Length at maturity L, has been shown to vary from 35 mm (Hecht and Zway, 1984)
to 275 mm (James and Bruton, 1992) in O. mossambicus, or from 100 mm (Bolivar et al., 1993)
to 390 mm (L owe (McConnell), 1958) in O. niloticus. Information on age at maturity islesseasly
available, but O. niloticus have been shown to mature at an age of 3 monthsin tanks (Bolivar et
al., 1993), and possibly over 2 yearsin large lakes (Gwahaba, 1973; Kolding, 1993). In generd,
sze and age a maturity are correlated, i.e. tilapiasmature either early and small, or late and large
(Duponchelle and Panfili 1998; section 6.4 this chapter). However, there are aso examples of
populations with a low maximum size where maturation appears to be delayed or suppressed
completely (Silliman, 1975; Eyeson, 1983). In such populations, small mature fish may be quite
old. Different sizes at maturity are associated with differencesin fecundity and brood frequency,
with small maturing individuas being relatively more fecund and breeding more frequently than
large maturing ones (lles, 1973).

The observation that the largest maturing tilapia populations are found in large lakes and river
systems suggests that length at maturity may be related to the size of the water body inwhich a
population lives. Empirical relationships between length at maturity and water body area have
been egstablished by Lowe (McConnell) (1958) for African lakes, by De Silva (1986) for Sri
Lankan reservoirs, and by Duponchelle and Panfili (1998) for reservoirsin Ivory Coast. However,
aplot of length at maturity in O. mossambicus populations against water body size, covering
several ordersof magnitude, suggeststhat such relationships exist within sets smilar water bodies,
but not globally (Fig. 6.7).

[Figure 6.7 about here]

A comparative analyss across African lakes also suggests a negative correlation between the
condition factor of fish and the onset of maturation, i.e. populationsin poor condition appear to
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mature at a smaller size than those in a good condition (Lowe (McConnell), 1958). There area
number of possible explanations for this correlation, e.g: poor condition causes maturation at
small size, maturation at small size causes poor condition, or poor condition limitssomatic growth
0 that fish mature small but not necessarily early. Additional data on growth are required to
resolve this problem.

(c) M echanisms underlying variation in reproductive traits

Isthe observed variation in reproductive traits areflection of phenotypic plasticity, or theresult of
genetic selection? Many observations, such aslife history comparisons between long established
populations, are indeed consistent with either mechanism, but there is compulsive evidence from
natural environments, transfer experiments and population geneticsthat the observed differences
are primarily phenotypic in origin. Lowe (McConnell) (1958) and Welcomme (1970) observed
maturation at smal size in temporarily isolated lagoons of large lakes. In the early days of tilapia
culture, transfers of specimensfrom large-maturing African lake populationsto ponds or aquaria
were common, and led to immediate reductionsin size at maturity to values around 100 mm, far
outsdethe range (200-300 mm) observed in the lake populations. Although these experimentsare
not well documented, they are regularly referred to in the earlier literature (see e.g. Cridland,
1961; lles, 1973, Fryer and lles, 1972). Such drastic and immediate changesin maturity traits can
not be explained by genetic selection and must be phenotypic in origin. In a recent study,
Duponchelle et al. (1998) subjected groups of O. niloticus from two reservoir populations with
very different reproductive characteristics to a common environment, and found that the
differences disappeared within five months. Further evidence for the phenotypic nature of
variationin size at maturity is the failure of population genetics studies to detect any differences
between small and large maturing feral O. mossambi cus populations of single origin (Bluehdorn
and Arthington 1990).

Having established that the observed variation in age and size at maturity in tilapiasis primarily
phenotypic in nature, the question remains. how is the expression of this plasticity controlled?
There are two main lines of thought in this respect, one that interprets plasticity in terms of the
individual organism’s physiological responses to environmental stimuli, and another that sees
intraspecific interactions as a key factor.

The main physiological hypothesesfocus on (1) unspecific stress, (2) the oxygen regime, and (3)
other physical or chemical cues. Severd authors have linked early maturation in tilapias to
unspecific stress, related to factors such as strong fluctuations in physico-chemical parameters,
high rates of mortality due to catastrophic events or predation, and extreme reduction in living
space in periods of draught (Lowe-McConnell 1982; thisvolume; Kolding, 1993). However, the
dress hypothesis is difficult to evaluate because stress is defined in terms of consequences, not
causes. Indeed, it is not uncommon in the literature to find descriptions of early maturing
populations that are considered stressed smply because they mature early. Unless the level of
dress can be established independently (e.g. by physiological indicators such as levels of stress
hormones), the stress hypothesis is little more than a circular argument. Even if a correlation
between independent indicators of stressand early maturation could be established, thiswould be
of limited practical use unless the underlying causes of stress could be isolated.
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The relationship between mortality and reproductive traits is explored in section 6.4. In
established, self-sustaining populations age at maturity is inversely related to the mortality rate,
while the relationship between size at maturity and mortality is more complex. However, in
stuations of demographic dis-equilibrium, such as aguaculture facilities stocked only with
juveniles, maturation may occur very early even though mortality rates are extremely low (cf.
section 6.2.2).

Pauly (1984) proposed a theory that the transition to maturity is induced by declining oxygen
availahility, due to the geometric constraints on gill surface area as fish grow. He hypothesised
further that the (asyet to be discovered) physiologica mechanism inducing maturationin response
to oxygen levels could be triggered off prematurely under conditions of fluctuating ambient
oxygen concentrations, or stress-related increases in oxygen consumption within the organisms
itself. The latter point would provide a mechanistic basis for the stress hypothesis, including a
potentially measurable stressindicator (elevated oxygen consumption). Empirical evidence for a
link between low or fluctuating oxygen levels and early maturation at a small size is anecdotal.
Undoubtedly, early maturation has been observed under conditions associated with low or
strongly fluctuating oxygen levels, such asin shallow lagoons or highly productive ponds(seeaso
Lowe-McConnell, this volume). However, there is no evidence that high and stable oxygen
saturation alone would cause a substantial delay in maturation (see e.g. Horstgen-Schwark and
Langholz, 1998, who maintained oxygen saturation within narrow limits, lose to 100%). Also,
thereisevidence for suppressed or delayed reproduction in some populations maintained under a
lower degree of saturation. In Silliman’s 1975 study, little reproduction was observed in the O.
mossambi cus population over along period while oxygen saturation barely exceeded 50%. Also,
Eyesons' s (1983) S. melanotheron population showed low reproductive activity whilemaintained
in a shallow outdoor tank, a habitat most likely associated with low and fluctuating oxygen
saturation.

Environmental factors or “cues’ affecting tilapia reproduction have recently been reviewed by
Brummett (1995), who identified temperature, light intensity, quantity and quality of food, and
certain water quality parameters asimportant environmental cues. Food supply in particular may
be expected to have a strong influence on reproduction. In experiments with O. niloticus x O.
aureus hybrids, low feeding levelsreduced the proportion of mature fish, weight at maturity, and
fecundity (Siddiqui et al., 1997). However, fecundity per unit weight of femaleswashighest inthe
fish fed the lowest ration. Coward and Bromage (1999) show that under prolonged food
restriction, T. zlii will sacrifice somatic growth to maintain reproductive invesment. These
observations suggest acomplex relationship between food supply and reproductivetraits, possibly
involving a high degree of individual variability in responses. This area calls for further
investigation. Manipulationsin food supply have been successful ininfluencing maturationin other
oecies, e.g. salmonids (Bagenal, 1969; Thorpe et al., 1990).

Intraspecific interactions may have a strong influence on final maturation and reproduction in
tilapias. Extreme crowding may completely suppressfinal maturation and reproduction (Coward
et al., 1998). Under moderately crowded conditions, dominance hierarchies and territorial
behaviour may restrict reproduction to a small fraction of the population. Van Someren and
Whitehead (1959) describe aguarium experiments in which only alimited number of males show
breeding coloration a any one time, and if these males are removed others will take their place.
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Behavioural studies of tilapias and other cichlids show that body size isakey determinant of the
outcomes of conflicts about territories (Bearends and Baerends-van Roon, 1950; Oliveira and
Almada, 1996), although this may be modulated by other factors such asgonad size (Neat et al .,
1998). These observations suggest competition for breeding territories, with small/inferior
individuals queuing for territories, asamechanisminfluencing maturation sze. Thishypothesishas
been clearly formulated by Moriarty (1982). Deferred maturation asaconsequence of territoriality
has been described in many bird populations (Sutherland, 1996), and has been analysed
theoretically by Ens et al. (1995).

The stress and oxygen hypotheses have been formulated to explain the occurrence of small and
early maturation, while large and late maturation has been considered “normal” and therefore not
in need of an explanation. The opposite view that early maturation is the norm, but may be
delayed if the fish is unable to acquire the resources necessary for successful reproduction, is
embodied e.g. in the territorial behaviour hypothess. While thereisno a priori reason to prefer
one perspective over the other, thelatter perspective is supported by the fact that early maturation
has been observed under a very wide range of conditions (e.g high aswell as low mortdity, low
and fluctuating aswell as high and fairly stable levelsif oxygen saturation). The delay perspective
is also supported by studiesin other species (e.g. Policansky, 1983; Thorpe, 1994) and has been
applied fruitfully inthe analysis of life history plasticity (Thorpe et al., 1998). Theinterpretation of
observed reproductive patternsis complicated by the fact that maturation takes several monthsto
complete (Jalabert and Zohar, 1982), which impliesthat conditionspreceding actud maturation by
a least afew months are likely to be of key importance.

In conclusion, the mechanisms controlling maturation and reproduction intilapias are till poorly
understood, and thereisno clear support for any of the main hypotheses advanced inthis respect.
The stress hypothesis is poorly defined and therefore not readily testable. A link does exist
between mortality and maturation, but thislink ismore complex thanisgenerally appreciated (see
section 6.4). The oxygen hypothesisis consistent with field datain the sense that early maturation
has been observed under conditions of low or fluctuating oxygen availability, but this could be
purely coincidental and thereisno indication that high/stable oxygen availability aloneissufficient
to induce late maturation. Thishypothesisis, however, eminently testable. Likewise, thedegreeto
which maturation can be controlled by behavioural interactions should be explored further in
experiments. Given the ubiquitous occurrence of early maturation under culture conditions,
convincing evidence for control of maturation by a particular factor would require a
demonstration that the factor in question can substantially delay maturation.

(d) Individual variability and genetics

Thereis evidence of considerable within-population variation in age and size at maturity. Thisis
obvious from maturity-at-age or at-length curves derived for natural populations (e.g. De Silva,
1986; Duponchelle and Panfili, 1998). In along-term experiment with O. niloticus, 28% of the
females matured within 60 days and a further 15% between 61 and 210 days, while 57% of the
females had not matured by the end of the experiment at 210 days (Bolivar et al., 1993). Thebads
of this variation is has not been evaluated; possihilities include genetic, as well as phenotypic
factors such as behavioural interactions.
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Whereas a high degree of phenotypic plasticity is evident in reproductive traits, this does not
imply the absence of a genetic component: severa studies have indicated a high degree of
heritability (around 0.5) for age and/or size at maturity (Lester et al., 1988; Kronert et al., 1989;
Oldorf et al., 1989). This suggests that, although the observed variation between populationsis
primarily phenotypic in origin, selection for late maturity may bring about a delay sufficient to
alow completion of a culture cycle of 4-6 months without reproduction.

6.3 DYNAMICSAND MANAGEMENT OF POPULATIONS

The section startswith a brief overview of the structurd diversity of tilapia populations and their
responses to exploitation. Thisisfollowed by areview of the dynamics and management of wild
and farmed populations, and the dynamics of invasions. Farmed populations are defined here as
those subject to management intervention other than harvesting. The degree of intervention
defines culture intensity as extensive (stocking and harvesting only, production based on natural
aguatic productivity), semi-intensive (natural productivity enhanced by fertilisation and some
feeding), and intensive (production based mainly on complete feeds). However, it must be
remembered that even farmed tilapia populations may show many of the dynamic features of wild
populations and that on the other hand, many small-scale tilapia aquaculture systems entail little
manipulation other than harvesting of alargely self-sustaining pond population.

6.3.1 The diversity of tilapia populations

Many tilapia species can form breeding populations in habitats ranging from large lakes to small
aguaria, and may be exploited and manipulated at wide range of intensities. Different conditions
giveriseto different patterns of growth, mortality and reproduction, which have beenreviewed in
the previous section. These patterns trandate into populations of widely different age and size
gructure.

A further aspect of population structure that deserves attention for its dynamic and management
implicationsisspatia structure. Large water bodiesusually offer adiversity of habitatsthat differ
in terms of the physical environment (e.g. temperature, turbidity), the resources available (e.g.
types and abundance of food, spawning substrate), and the intensity of intra and interspecific
interactions (e.g. competition for food, predation risk). Individuals choose habitats on the basis of
their requirements and competitive abilities, and it has been shown that in general, the resulting
pattern of habitat use maximisestheindividua’ sfitness (see Tyler and Rose, 1994). Different life
history stages of fishes differ in their requirements and competitive abilities, and therefore tend to
occupy different habitats. In tilapia populations in larger water bodies, juveniles remain in near-
shoreareas a first and gradually move towards deeper, open waters asthey grow (Fryer and lles
1972). Large individuals appear to be the most cosmopolitan, occupying open waters aswell as
the shallow near-shore areas. Breeding isgenerally limited to particular areas of relatively shalow
water. Thisgeneral pattern of spatia structure seemsto hold eveninrelatively smal water bodies,
asdemonstrated in asmall (200 ha) reservoir in Sri Lanka (Pet and Piet, 1993). However, spatia
gtructure necessarily becomesless pronounced in very small water bodies such as pondsthat offer
little habitat diversity. A smilar situation can arise when shallow areas of larger water bodiesare
cut off from the main water body, and all life Sages are forced to share the same habitat
(Welcomme, 1970). Breeding for example is no longer confined to particular areas in uniform
water bodies, but occurs over the whole bottom area (see e.g. Huet, 1978). Most tilapias are
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flexible in their habitat requirements and able to complete their life cycle within a single habitat,
evenif it lacksany of thefeatures normally preferred by different stages such as cover or substrate
auitable for building nests. It is clear, however, that confinement to a single, uniform habitat
greatly increases the interaction between size/age groups, and reduces the opportunity for
individuals to escape limiting conditions by moving to a different habitat. The implications of
differencesin habitat diversity for the dynamics of tilapia populations have received little explicit
atention, but thisareamay well be of key importanceto the understanding of lifehistory variation
(section 6.4). Tyler and Rose (1994) review approachesto the modelling of spatial heterogeneity
infish populations. The diverdty of tilapiapopulations makesthemideally suited for anempirica
anaysis, and thetesting of models that may help to unravel the proximate basis of habitat choice
and the resulting population dynamics.

6.3.2 Population regulation and responses to exploitation

Population regulation by density-dependent processes is an important factor in the long-term
persistence of populations, and the regulatory processes also determinethe levels of exploitation
to which a population can be subjected on sustainable basis. It is therefore important to
understand the main mechanisms by which tilapia populations are regulated and respond to
exploitation.

Several potential regulatory mechanisms have been identified in the previous section. Density-
dependence in growth, mediated by competition for resources, iswell-established (section 6.2.1).
Combined with size dependent mortality (section 6.2.2), density-dependence in growth also
generates density dependence in mortality. Competition for breeding territories and suppression of
meaturation in fish unable to defend territories (section 6.2.3) suggests a mechanism for density-
dependent, behavioural control of reproduction. Observations of density-dependent responsesin
wild populations are limited, not least because environmental variability often obscures density-
dependent responses. However, it isworth noting Gwahaba' s (1973) observation that increasing
exploitation (as suggested by increasing yields) of the O. niloticus sock in Lake George was
associated with declining length at maturity. A comparative analysis of life history responsesto
exploitation is given in section 6.4.

Perhaps the most detailed information on responses to exploitation in atilapia stock has been
obtained in a long-term laboratory experiment. Silliman (1975) maintained a population of O.
mossambicus for more than six years, in an 850 | tank under constant feed supply and
environmental conditions, and subjected the stock to different levels of harvesting. The pattern of
total (natural and fishing) mortality, and the resulting patterns of numerical abundance, biomass,
maximum individual length, and recruitment are shown in Fig. 6.8. Natural mortality in the
experiment can be assessed as total mortality prior to exploitation, i.e. M=Z=0.1/year. The
population was then subjected to fishing mortality rates of F=0.5/year and F=1.1/year in addition
to the natural mortality, leading to the total mortality schedule shownin Fig. 6.8(a). Population
abundance (Fig. 6.8(b)) was stable at around 240 individuals in the beginning, but dropped to a
lower level of about 180 as aresult of a catastrophic mortality event linked to equipment failure
(indicated by an arrow in Figs. 6.8(b) and (c)) at the end of year 2. The onset of exploitation at
F=0.5/year in year 3 did not lead to an immediate change in abundance, but there was a
recruitment-related increase later in the year followed by continuous decline to about 120 at the
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beginning of year 6. The higher level of exploitation at F=1.1/year from the beginning of year 6
was again linked to initial increasesin abundance as aresult of recruitment, followed by adecline
to thelowest level of 100 at the end of the experiment. Population biomass (Fig. 6.8(c)) increased
sharply as result of individual growth until the end of year 2 and remained at a stable level of
about 10 kg until the middle of year 4, but declined subsequently under the influence of
exploitation. Maximum individual length (Fig. 6.8(d)) in the catch was stable at about 220 mm
until the end of year 4, but increased markedly thereafter as population abundance and biomass
declined. Recruitment (Fig. 6.8(e)) increased markedly with increasing levels of exploitation and
the associated reduction in abundance and biomass. The evidently high degree of variahility in
recruitment per sampling period is a consequence of the demographic stochasticity inherent in a
very smal population, but a strong and consistent increase in the level of recruitment with
increasing exploitation becomes evident when recruitment is aggregated over the experimental
phases. The experimental population was tightly regulated, there is clear evidence for density
dependence in the level of recruitment, as well as in the somatic growth of adults.

[Figure 6.8 about here]

Unfortunately, Silliman (1975) reported no detailed observations on reproductive traits in the
experimental population, so that it is impossible to ascertain the mechanisms involved in the
regulation of recruitment. However, Eyeson (1983) studied asimilarly confined tank population of
S melanotheron and found reproductive activity to be suppressed to avery low level. Coward et
al. (1998) show that crowding can lead to complete suppression of spawning, associated with low
levels of sex steroids, in T. zllii.

6.3.3 Fishery yields and ecosystem properties

Environmental conditions such as ecosystem productivity define fundamental limits to the
productivity of populationsand the yields obtainable fromtheir exploitation. Thisis evident inthe
drong correlations found between indicators of productivity/trophic levels and average tilapia
yields in different water bodies. In Sri Lankan reservoirs, for example, commercia fish yields
(dominated by the introduced O. mossambicus) are strongly correlated with the concentration of
chlorophyll a, anindicator of primary production (Fig. 6.9; from Moreau and De Silva, 1991). The
tilapias generally occupy low trophic levelsin the food webs of tropica aquatic ecosystems, and
are correspondingly efficient at transforming primary production into fish yield. Turner (1995)
compared transfer efficiencies of primary production into fish yield in twenty African lakes, and
found that the tilapia=dominated lakesin the set had significantly higher transfer efficienciesthan
lakes with fisheries dominated by the predatory Lates. More detailed trophic ecosystem models
have been constructed for some ecosystems with significant tilapia stocks, e.g. Lake George
(Moreau et al., 1993) and lake Kinneret (Wdline et al., 1993). Trophic ecosystem modelsprovide
a framework to synthesise ecological data and evaluate the relationship between ecosystem
properties and the yield and biomass of populations (Christensen and Pauly, 1993).

[Figure 6.9 about here]
Relationships between average yields and ecosystem properties can provide a deceptively static

picture of populationsthat areinfact highly dynamic. Y ields from many tilapiafisheries have been
highly variable in the medium term, due to environmental factors as well asexploitation. Examples
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of yield variation in tilapia fisheries from three African lakes are shown in Fig. 6.10. In Lake
Naivasha, a high altitude rift valley lake, O. leucogticus and T. zlii have been introduced inthe
1960. Following aninitia surge with apeak yield of over 1000t inthelate 60s, annual yield of the
combined tilapia fishery has varied between 20 and 530 t from 1970 to 1996. Yield variationin
the established fishery has been related primarily to fluctuations in the water level, the extent of
macrophyte vegetation, and high but variable fishing effort in the 1980s (Muchiri and Hickley,
1991; Muchiri, 1997). Lake Malombeisalarge, shallow inundation of the Shire River in southern
Malawi. Yidd from the indigenous “Chambo” (Oreochromis sp.) fishery was high and only
moderately variable between 1976 and 1986, but declined drastically thereafter. Therapid decline
in the Chambo fishery has been attributed to the development of a seine net fishery for small
Haplochromines, with alarge bycatch of juvenile Oreochromis sp. (FAO 1993). Lake Turkanais
a large rift valley lake that supports a productive fishery based primarily on O. niloticus. The
variation in O. niloticus yield has been linked primarily to change in water levels, although
changes in exploitation may also play a role (Kolding, 1993; Muchiri, 1997). These examples
illustrate the high degree of variation experienced in tilapia fisheries even in large water bodies.

[Figure 6.10 about here]
6.3.4 Quantitative assessment of exploitation

Theaim of quantitative stock assessment isto evaluate effects of dternative exploitation regimes
on variables of management interest such asyield or catchrates. The quantitative approachesthat
have been used in the assessment of tilapiafisheriesfall into three broad categories: empirica yield
models, production models, and dynamic pool models.

(a) Empirical yield models

Empirical yield models are single or multiple regression models relating yield to, for example,
indicators of productivity (e.g. the morphoedaphic index, chlorophyll a concentration, primary
production), fishing effort, and/or water level. While no empirical models have been developed
explicitly for tilapiafisheries, anumber of such models have been developed for fisheriesin which
tilapias account for a large proportion of the catch. Empirical modelsfor Sri Lankan reservoirs,
where commercial catches are dominated by introduced O. mossambicus, predict yieldsfromthe
ratio of catchment to reservoir area, chlorophyll a concentration, and fishing effort (Moreau and
De Silva, 1991). Empirical yield models make no assumptions regarding the mechanisms
underlying patternsin yields, and their predictions should not be extrapolated beyond the range
for which data are available. Empirical models are most useful in situations where data are
available for a wide range of conditions, such as for example yield, effort and trophic status
indicatorsfor anumber of different water bodies. This makes empirical modelsideal toolsfor the
assessment of small water body fisheries with their high potentia for replication. However, there
are problems and potential pitfallsin the assessment of exploitation regimes using empirical yield
models. Often, for example, water body productivity and fishing effort are correlated (the more
productive water bodies attract more fishers). This can give rise to an apparently linear
relationship between yield and effort, which however does not imply that the fisheries are
underexploited but merely reflects underlying differences in water body productivity.
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(b) Production models

Production models are based on elementary ideas of production ecology, and are commonly used
to estimate optimal effort levelsfromtime series of catch and effort data (overview in Hilbornand
Walters, 1992; Hilborn and Mangel, 1997). Such data are relatively easy to collect at least in
principle, and production modelstherefore hold good potential for the assessment of fisheriesfor
which more detailed information is lacking. However, the measurement of fishing effort can bea
major problem where many different gear types are used and fishing methods change over time.
Production models have been used to assess the Chambo (Oreochromis sp.) fishery of Lake
Malawi (Alimoso, 1991), and the O. leucosticus dominated gill net fishery of Lake Naivasha
(Muchiri and Hickley, 1991). In both cases the traditional, equilibrium method of fitting the
production model has been used. The method assumesthat each annual yield estimate represents
the equilibrium yield corresponding to the fishing effort exerted in that year. This assumption is
clearly questionable in fisheries undergoing rapid change, and its violation can lead to severe
overestimation of the sustainable level of fishing effort (see e.g Hilborn and Walters, 1992). It is
therefore strongly recommended to fit production models using dynamic (non-equilibrium)
approaches. This may appear more mathematically demanding than the equilibrium approach at
first, but canin fact be accomplished relatively easily in computer spreadsheets (see Hilborn and
Mangel, 1997). The dynamic approach is aso true to the ecological production concept
underlying the formulation of production models, whereas equilibrium fitting is not principally
different from the use of empirical yield (regression) models.

(c) Dynamic pool models

Dynamic pool approachesto stock assessment break down abundance and biomassdynamicsinto
the component processes of growth, mortality and reproduction, and allow the assessment of
management options formulated at a high level of technical detail (e.g mesh sizeregulations). A
problem with the application of dynamic pool approachesto tilapias and other fish in the tropics
soeciesisthat these fish are difficult to age, making it difficult to analyse age-dependent aspects
such as growth or mortality. This has prompted the development of a variety of approachesto
estimating growth and mortality parameters from length composition data (Pauly and Morgan,
1987; Rosenberg and Beddington, 1988). M ost of the commonly used methodsestablishagrowth
function (usually the VBGF, see section 6.2.1) to relate length to age, and then proceed to
conduct further anaysisin an essentially age-based framework. Growth studies of tilapias usng
length composition data include those of Getabu (1987), Amarasinghe and De Silva (1992), and
Blay and Asabere-Ameyaw (1993).

Most tilapia fisheries are exploited predominantly by gill nets. The size-selectivity of gill nets
implies that, unless avery wide range of mesh sizesis used, the length structure of catches does
not reflect that of the population. This makesgill net catch datadifficult to interpret, asillustrated
by Amarasinghe and De Silva (1992): their use of catch length distributions obtained from
relatively unselective seine netsresulted in adrastic re-assessment of growth patterns determined
in an earlier study using gill nets only (De Silva and Senaratne, 1988). The problem of gill net
selectivity can be addressed by using a wide range of mesh sizes, and correcting catch length
distributions for gill net selectivity. Gill net selectivity has been estimated for severa tilapia
soecies, e.g. O. esculentus (Garrod, 1961); O. mossambicus (De Silvaand Sirisena, 1987; Pet et
al., 1995); O. niloticus (Pet et al., 1995); and O. shiranus (Mattson, 1994). The selectivity
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models developed in these studies may be used to calculate approximate selectivity curves for
tilapiafisherieswhere no specific experiments have yet been carried out, and may indicateto what
extent fishery samples are representative of the population.

Conventional dynamic pool models are based on the assumption that fish populations are
regulated at the pre-recruit stage, while growth and mortality in the adult population are
considered to be constant (density-independent). Thisimpliesthat the optima exploitation of the
of the growth potentia of arecruited cohort isindependent of thelevel of recruitment, and canbe
assessed in ayield-per-recruit analysis even if the level of recruitment is not known. Yield per
recruit analysis identifies optimal combinations of gear sdlectivity and fishing effort to exploit
socks of known growth and natural mortality parameters. Such analyses have been used for
examplein Sri Lankato determinethe optimal size of first capturein the commercial fisheriesfor
O. mossambicus (Amarasinghe and De Silva, 1992). As mentioned earlier (and again in section
6.4), there is strong evidence for dendty-dependence in individual growth in tilapias, and in
principlethisviolates akey assumption of conventional yield-per-recruit analyses Theimplication
of density-dependent growth isthat, dueto its compensatory nature, changesin exploitation will
lead to smaller changes in yield than predicted from analyses assuming constant growth.

The second element of dynamic pool models, apart fromyield-per-recruit analysis, isthe analysis
of the relationship between spawning stock and recruitment. Ingeneral, such studies are based on
analyses of catch-at-age data to reconstruct past cohort size and thereby recruitment aswell as
stock biomass. Unfortunately, both recruitment and stock size are difficult to measure in tilapias
and other tropical species that reproduce over an extended period and are difficult to age.
Consequently, there are no tilapia stocks for which a stock recruitment relationship has been
determined. The tank experiment using O. mossambicus reviewed earlier (section 6.3.2) shows
that recruitment in tilapias can be very strongly density-dependent, with very low recruitment
when stock levelsare high. ThissuggestsaRicker-type stock-recruitment relationship withaclear
maximum at intermediate sock sizes.

The spatid structure of tilapia populations can have important implications for management and
may need to be considered explicitly in certain situations. The tendency of young O. mossambi cus
to stay in near-shore areaswhile larger size groups venture into midwater implies that small mesh
gill nets can be used in midwater to catch small species without affecting the tilapia stock. This
was first realised and investigated by De Silva and Sirisena (1987). A dynamic pool model for a
Sri Lankan reservoir fishery with explicit consideration of size-dependent habitat occupation has
been developed by Pet et al. (1996b). The model confirmed that a subsidiary gillnet fishery for the
small cyprinids could be established in open waters if small mesh gill nets of about 15 mm were
used, while larger mesh nets of 30 mmwould cause major damageto the O. mossambicusfishery.

(d) Accounting for environmental variation and life history plasticity

The various conventional methods of fish stock assessment applied to tilapia stocks have clearly
provided useful information for management, and in some cases this information has been used to
identify management measures such as mesh sizelimits(e.g. in Sri Lankan reservoirs). However,
certain features of tilapia fisheries, such as large environmenta variations and a high degree of
plasticity in maturation and growth pose limitationsto the use of conventional models. I n spite of
the wide recognition of these factorsin theliterature, little attempt has been made a incorporating
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theminto quantitative assessments. Thisisakey areafor future research in stock assessment, of
tilapias as well as other species.

6.3.5 Culturefisheries

Culturefisheries, i.e. fisheriesbased a least in part on the regular stocking of farm-produced (or
occasionally wild caught) seed fish, are at the interface between capture fisheries and aquaculture
(Lorenzen, 1995; see also Welcomme and Bartley, 1998, for areview of enhancements). Culture
fisheries should be distinguished from other forms of management that may also involve stocking,
for example for introductions with the aim of establishing a self-sustaining population (seesection
6.3.9; and Cowx, 1998, for a review of stocking strategies). Tilapia culture fisheries are
widespread inthe tropics (Sugunan, 1997), although their precise extent is difficult to determine
due to their position between the statistical reporting categories. Also, due to the tendency of
tilapias to form breeding populations within a few months of stocking, the distinction between
culture fisheries and introductions is somewhat difficult. The direct contribution of stocking to
yields ismost obvious in seasonally dry water bodies, but is difficult to assess, and may possibly
be negligiblein permanent water bodies where breeding populations of tilapiasexist. Yieldsfrom
tilapia culture fisheries can be up to 3 t/halyear in productive water bodies (Lorenzen et al.,
1998b).

Although culture fisheries may generate benefits even in the absence of any systematic
management, benefits are maximised if stocking and harvesting regimes are carefully co-ordinated
and adapted to the natura conditions of the water body. The most comprehensive analysis of
management options is possible with population dynamics models, while empirical yield models
often allow a rapid assessment of key variables using comparative data from sets if culture
fisheries. The population dynamics of fisheries based entirely on stocking, with density-dependent
growth and size-dependent mortality of the type demonstrated for tilapiasin section 6.2, hasbeen
studied theoretically by Lorenzen (1995), and an example of a practical assessment using the
methodology is givenin Lorenzen et al. (1997). However, thetilapias’ tendency to reproducein
amost any environment meansthat, in contrast e.g. to the mgjor carps, pure culture fisheriesfor
tilapias are rare and limited to the stocking of monosex fry (see below). Thereisasyet no mode
to adequately capture the dynamics of the more common culture-enhanced tilapiafisherieswhere
natural reproduction aswell as stocking must be considered. Empirical models of culturefisheries
involving tilapias have been derived by Lorenzen et al., (1998b) for village fisheries in NE
Thailand; and Quiros (1998) for larger reservoirsin Latin America. Lorenzenet al., (1998b) show
that if stocked in combination with major carp species, O. niloticus develop dominant breeding
populationsin highly productive water bodies, whilethe stocked carp will dominate water bodies
of low to intermediate productivity. Although tilapiadominated culturefisheriestherefore appear
to be more productive than carp-dominated ones; this may reflect the underlying productivity of
the water body more than an inherently higher trophic efficiency of tilapias.

Van der Mheen (1994) discusses practical aspects of stocking small water bodies with wild
caught, mixed tilapia seed and aso derives some empirical models to predict catches from
stocking densities. Stocking of wild caught tilapia seed has been carried out on alarge scale and
with formal government support in e.g. in Zimbabwe, but such transfersare also common inrurd
areas of Adia, often on an entirely informal basis (L orenzen pers. obs.).
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Culture fisheries constitute an investment into fish stocks, often held in some form of common
property. Such investment may precipitate changesin the accessregime to, and exploitation of the
fishery. In small water bodies in Laos for example, tilapia stocking appeared to facilitate the
development of community management systems with active effort regulation. A comparative
study by Lorenzen et al. (19984) indicates that this management regime resulted in substantial
ganding stocks and yields of tilapias (based on a combination of regular stocking and natural
recruitment), and also had a positive effect on the abundance of indigeneous stocks. The latter
impact was unexpected and isrooted in changesto the exploitation regime precipitated by culture
fisheriesdevelopment. Thisillustratesthat thereis moreto culturefisheriesthan socking, and that
prediction of outcomes of culture fisheries development requires an approach integrating the
anaysis of biological and institutional dynamics with a strong element of adaptive learning
(Lorenzen and Garaway, 1998).

6.3.6 Dynamics and management of isolated cohorts

Incommercial tilapiaculture, reproductioniscontrolled asfar as possible, and thedifferent stages
of the rearing cycle are separated in hatcheries, nurseries and grow-out (as is common in the
culture of most non-tilapiine species). The isolated cohort is therefore the dominant population
dructure in commercial growout, and the management of such populations deserves explicit
attention.

Annual yields from isolated cohorts can be in the same order as those from culture fisheries in
extensive systems without fertilisation of feeding, but can be far higher in semi-intensive and
intensive systems (see the respective chaptersin thisbook). Empirical analysesof yield inrelation
to management inputs using multivariate statistical methods or multiple regression (Draper and
Smith, 1981; Manly, 1994) can provide useful information for management without the need to
obtain detailed data on population processes such as growth or mortality. In an analysis of
commercial polyculture systems in Israel, Milstein (1995) shows that the highest yields are
achieved in systems where tilapia (O. niloticus x O. aureus hybrids) isthe main species, an also
evauated the relationship between input levels and yields.

Cohort growth and mortality models allow a more detailed evaluation of management options
than empirical yield models, and are increasingly being used in bio-economic andyses of fishfarms
(for anintroduction see Bjorndal, 1990). Springborn et al. (1992) used a population model based
on the VBGF and an exponentiad mortality equation to predict the economically optimal
harvesting time for O. niloticus cohorts in pond culture under two different fertilisation regimes.
The two regimes analysed gave rise to very different growth patterns, with consequent large
differences in the optimal harvesting time of 105 vs. 191 days. The analysis did not, however,
account for therotation problem: in order to maximise returns per unit timeit isusudly optimd to
harvest before the time that maximises the production or profit from the individua cohort,
because the cohort can be replaced themwith faster growing young fish (see e.g. Bjorndal, 1990).

A condraint on the use of simple models such asthe conventional VBGF and constant mortdity is
that the parameters for these models must be estimated separately from experiments for each
different level of management inputs. It is therefore desirable to develop growth and possibly
mortality modelsthat incorporate explicit termsfor management inputs. For example, the density-

24



dependent growth model and the mortality-weight relationship discussed in section 6.2 can be
used to evauate stocking density and size as well as harvesting regimes in extensve culture
(Lorenzen, 1995; Lorenzen et al., 1997). The multiple regression models of fish growth described
by Pauly et al. (1993) and Prein and Pauly (1993) dlow anaysis of awide range of management
impacts on growth, and may aid the improvement of semi-intensive and intensive husbandry
systems. Prein (1993a,b) describe the application of these modelsto the analysis of tilapiagrowth
inpond culture. For integrated farmsin the Philippines, for example, the analysis showed positive
effects of solar radiation, pond area, and manure loading rate, and negative effects of stocking
density and early morning oxygen saturation on growth. Oxygen saturation was negatively
corrdated with pond productivity, and overall the positive effect of productivity overrides the
negative effect of low morning oxygen saturation. Thisexampleillustratesthe potentia to derive
useful generalisations from the analyses of experimenta and commercial data using growth
models that can account for management impacts. However, there are also potential pitfalls
associated with the statistical design of experiments that have not been rigoroudy planned to
provide data adequate for the purpose of model development (see e.g. Riley and Darmi, 1995).

The potentia of population and related modelling approaches to aid planning, and substantially
reduce the experimental effort required to improve culture systems, has not been fully appreciated
among aguaculture practitioners. The further development of modelling approaches and a more
rigorous application of statistical principlesin experimenta design and analysis (Riley and Darmi,
1995; Knud-Hansen, 1997) are likely to yield increasingly more useful and reliable generalisations.
Thiswill require an increasingly close collaboration between practitioners, experimentalists and
modellers.

6.3.7 Controlling reproduction and “ sunting” in culture

Although most commercial culture systems are designed to raise single, isolated cohorts, the
tendency of tilapias to breed within afew months of stocking means that this ideal is not easily
achieved. Reproduction can quickly turn fast growing single cohorts into dense populations
dominated by small recruits, with consequent decline in the growth of stocked fish. The absolute
production of such “stunted” pond populations may be extremely high, but thereis often alower
limit to the size at which tilapias can be marketed profitably, and therefore “stunting” is
considered a problem in commercial farms. However, uncontrolled reproductionin cultureis not
universally a problem: recent research shows that subsistence-oriented fish farmers may vaue
reproduction as positive, and that marketsfor “undersized” tilapiasexist and cater mainly for the
poor (Little and Hulata this volume; Cheftel and Lorenzen 1999).

(a) Approachesto the problems of reproduction and “ stunting”

Four different approachesto the problems arising from early maturation in cultured tilapias canbe
distinguished: (1) complete control of reproduction through culture of mono-sex or sterile
populations; (2) stock or environmenta manipulations aimed at delaying maturation; (3) the use
physical meansor predatorsto minimise survival of offspring; or (4) increased feeding to minimise
the impact of recruits on the growth of the parent stock. Approach 1 is perhapsthe most widely
used in commercid culture of tilapias, and methods for the production of mono-sex stocks are
discussed esewhere in this book. Attempts at delaying maturation by means of stock or
environmental manipulations (approach 2) have not so far been very successful (cf. section. 6.2.3),
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and no such manipulations are routinely used in culture. Approach 3 is associated with two main
methods. cage culture and predator stocking. While cage culture does not prevent breeding
atogether, but the eggsarelost fromthe cage at the time spawning (Pagan-Font, 1975). Predator
socking is discussed in more detail below. Approach 4, increasing food supply to offset
consumption by new recruits, is likely to be a widespread response by farmers, and has been
shown to be potentiadly effective (De Graaf et al., 1996). Although it has been argued that
increased feeding exacerbates the underlying problem of early maturation and prolific breeding
(e.g. Noakes and Balon 1982), experimental evidence reviewed in section 6.2.3 suggests that
tilapias tend to respond to resource scarcity with increased relative allocationto reproduction, and
that therefore reproductive traits are not very sensitive to manipulations of feed supply withinthe
constraints set by practical fish culture. The economics of feeding decisonsin this context are,
however, intriguing, and worthy of further analysis.

(b) Predator-prey culture

A complex approach of particular interest in the context of population dynamicsisthe stocking of
predators to control recruitment. This approach probably originated with the experiments of
Swingle (1960), who extended his previous work on the creation of predator-prey sysemsin
Americanfarm pondsto tilapias. Predator stocking has since been practised and reported widely
throughout the world (Dunseth and Bayne, 1978; McGinty, 1984, 1985; Bedavi, 1985; Ofori,
1988; El Gamal, 1992; Fisher and Grant, 1994; Lazard and Oswald, 1995; DeGraaf et al., 1996).
Predator stocking undoubtedly workswell in principle, and the approach has often succeeded in
producing market-size fish. However, careful selection of the species, size and number of
predators stocked is essential to produce the desired results. If predatorsare too small, too few or
feed on awide spectrum of fish and invertebrate prey, recruitment control may be ineffective and
stunting may result despite the presence of predators (Lazard and Oswald, 1995). Conversely, if
predators are too large and numerous, they may decimate the stocked fish and cause loss of
production. Predator stocking is thus complex, given that both the stocked tilapia and the
predator grow in the course of the culture cycle and adequate size ratios and predation pressures
must be maintained throughout the cycle. Some predators have themselves a tendency to
reproduce and thus create amixed-size predator population (e.g. Dunseth and Bayne, 1978). Even
once these complexities have been mastered, the system remains sensitive to variations in the
growth of either species, which may often be impossible to avoid. Overal this has given the
predator approach to recruitment control the reputation to be somewhat unreliable, if effectivein
principle (Huet, 1978). The development of population modelsfor predator-prey systemin pond
culture hasgreat potential to advance the understanding and aid the management of such systems,
asillustrated by Fisher and Grant’ s (1994) model of aNiletilapia (O. niloti cus)-tucunare (Cichla
ocellaris) system.

Avian predators are often considered a nuisance if not amajor problem by fish culturists. In the
case of tilapia farming, these predators may contribute to limiting unwanted recruitment and
therefore have abeneficial effect. Thiswas suggested in astudy by Ashkenazi and Y ontov (1996),
who argue that stocked fingerlingsin the size range susceptible to heron predation areavailablein
Isragli fish farms for only short period (six weeks), and that the largest part of heron predation
occurs on unwarnted recruits.
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6.3.8 Tilapia asinvaders

Originating from Africa, tilapias are how found in the tropical and sub-tropical regions of all
continents. Two spccies, O. mossambicusand O. niloticus, in particular must beregarded as some
of the most successful invaders among the fishes (Welcomme, 1988; FAO, 1998). Thefollowing,
brief review of tilapias as invaders is structured according to the conceptua framework of
Williamson (1996), recognising the attributes of arrival and establishment, spread, and equilibrium
and effects.

(a) Arrival and establishment

Virtually all recent arrivals of tilapiasin new habitats can be traced back to human importations,
mostly for the purpose of fish culture but also for the enhancement of capture fisheries
(Welcomme, 1988). Studies of insect, bird and mammalian introductions have shown the
probability of establishment to be strongly related to the number of arrivals of that speciesin a
habitat (Beirne, 1975; Newsome and Noble, 1986; Griffith et al., 1989). Williamson (1996)
postulatesasageneral rule that propagule pressure, the number of arrivals, hasastrong influence
on establishment success. Most tilapiaintroductions have been conducted on alarge scale either
through the establishment of breeding centres distributing fry to a large number of farms, or
through extensive movement of live fry between countries. Thisimplieswidespread and repeated
arrivals of tilapiasin the geographic range where they have been introduced, and may account at
least in part for the apparently high degree of successin establishment. There are also, however,
cases where successful establishment has occurred following accidental releases, for examplein
Australia where the escape of aguarium fish is though to be responsible for al invasions by O.
mossambi cus (Arthington and Bluehdorn, 1994).

A number of species characteristics have been suggested as possible predictorsof invasion success
and will be reviewed briefly in the context of tilapias: high rate of population growth, wide
distribution in native habitat, and the existence of a*“vacant niche” (Williamson, 1996). Tilapias
are capable of achieving very high rates of population growth, due to the reproductive traits
discussed in section 6.2.3. For populationsto persist, equilibrium rates of population growth must
equal mortality rates, and both arerelated to body size (Beverton and Holt, 1959; Fenchel, 1974,
Pauly, 1980; Lorenzen, 1996b). Analysing alarge set of dataon individual introductions, Pullin et
al. (1997) showed that establishment success in fish was indeed inversely related to ther
maximum length. About 80% of introductions of fish with a maximum length of 10 cm lead to
establishment, compared to only 40% infish of 110 cm. Tilapias occupy an intermediate placein
the maximum length range. The more commonly introduced tilapia species show establishment
success rates between 60 and 95%, with the most successful being O. mossambicusat about 95%.

The most widely introduced tilpias, O. mossambicus and O. niloticus, are widely distributed in
their native habitats (see e.g. Philippart and Ruwet, 1982), and thus conform to Williamson's
(1996) second above mentioned criterion for successful invaders.

Some tilapia introductions, particularly for fisheries enhancement, have been conducted to fill
perceived “vacant niches@in aguatic ecosystems (Fernando and Holcik, 1991; Coates, 1993). The
concept of the “vacant niche” itself has been the subject of controversy. Herbold and Moyle
(1986) have argued that the concept was fundamentally flawed, because the niche isa property of
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the organism, not the ecosystem and a niche can not therefore be vacant. Instead, they argued that
introductions invariably compress the realised niches of existing species. While this is true in
principle, many ecologistsfind the “vacant niche” concept useful and apply adightly different, if
possibly lessrigorous definition. Williamson (1996) summarisesthisview as“a speciesoccupying
avacant nicheis onethat plays an entirely new functional role in acommunity, not one that does
not use any resources previously used by other species’. In fisheries ecology, asimilarly broad but
more explicitly utilitarian definition has been used. Fernando and Holcik (1991) and Coates (1993)
identify “vacant niches’ in Sri Lankan reservoirs and the Sepik river syssem (Papua New Guinea)
using two criteriac a comparatively low fish yield, and a relatively low diversity of indigenous
species due to the absence of truly lacustrine speciesin Sri Lanka, and the generaly low number
of freshwater species in the geologically young Sepik-Ramu basin. Introductions of tilapias in
these systems where “vacant niches’ had been identified have indeed led to successful
establishment.

Tilapias have invaded highly diverse fish communities such as that of lake Victoria (Twongo,
1995), as well as low-diversity communities in river systems of New Guinea and Australia
(Coates, 1993; Arthington and Bluehdorn, 1994). This seemsto suggest that the invasibility of
communities by tilapias is not strongly related to diversity, although no quantitative assessment
has been conducted. The question whether communities differ in their invasibility has generated
much ecological debate, but the overall conclusion appears to be that there is no reation
(Williamson, 1996), and thisis consistent with observations on tilapias.

(b) Spread

The spread of tilapias within a habitat has rarely been monitored, and the patterns of natura
spread may be difficult to disentangle from those linked to repeated arrivals. An exception isthe
soread of O. mossambi custhrough the Gascoyneriver system of Western Austrdia: the speciesis
believed to have been released accidentally near the mouth of the river, and has colonised the
approximately 500 mile long river system within ten years (Arthington and Bluehdorn, 1994).

(c) Equilibrium and effects

The “equilibrium” state and effects of fish introductions must be evaluated in terms of both, the
fishery and the wider ecosystem. Many tilapiaintroductions (particularly of O. mossambicus and
O. niloticus) have led to the development of commercial fisheries (De Silva 1988; De Silvaand
Senaratne, 1988; Fernando and Holcik, 1991; Sreenivasan, 1991, Coates, 1993; Muchiri et al.,
1995; Twongo, 1995). Increases in commercial yields and the rapid expansion of some
commercial fisheries following tilapia introductions (e.g. De Silva 1988) may be regarded as
indicators of the economic success of introductions. However, increasesin commercia fishyields
may greatly overestimate ecological production benefits from introductions. in a Sri Lankan
reservoir for example, theintroduced tilapias accounted for over 80% of the commercia yield, but
barely 10% of the ecological fish production (Pet et al. 1996a). Dueto itstendency to formdense,
stunted populations O. mossambicus is regarded as a pest in many of the countries were it was
intentionally introduced (Welcomme, 1988), but thisview isby no means universal (De Silvaand
Senaratne, 1988).
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The mgjor ecological impacts of fish species introductions may involve genetic effects such as
hybridisation with indigenous species or between exotic species and strains, habitat alterations,
competition, predation and the introduction of exotic parasites and pathogens (Courtenay and
Stauffer, 1984; Moyleet al., 1986; Arthington, 1991; Carvalho and Hauser, 1995). Hybridisation
may occur between closdly related species, and is therefore most likely in habitats that already
contain endemic or previoudy introduced tilapias. Ogutu-Ohwayo and Hecky (1991) suggest that
hybridisation with introduced specieswas at least partly responsible for the disappearances of O.
spilurusfrom Lake Naivasha, and O. esculentusand O. variabilisfrom Lake Victoria. However,
inthe absence of genetic investigations, the relative importance of hybridisation and competitionis
difficult to ascertain. Hybridisation is also common between O. mossambicus and O. niloticus
where both species have been introduced (Amarasinghe and De Silva, 1996).

Habitat alterations and competition are key mechanisms by which some introduced tilapias have
compressed the realised niches of existing species. Habitat alterations by tilapia have been
reported primarily for the macrophytophagous O. aureus, T. rendalli and T. zllii, which have
sometimes proved highly destructive to established vegetation (Philippart and Ruwet, 1982).
Competition for spawning habitat has been reported between introduced T. zlii and the endemic
O. variabilisin Lake Victoria, to the detriment of the latter (Welcomme, 1988).

A survey of perceived impacts of O. niloticusintroductionsin several Asian countriessuggestsno
overly destructive effects (Pullin et al., 1997). However, there is surprisingly little reliable
information on ecological impacts of tilapia introductions other than those in the African lakes.
Ecological impacts of introductions are often difficult to assess due to alack of pre-introduction
data and the effects of confounding factors. This problem can be overcome through spatialy
replicated studies, particularly in small and medium sized water bodies where sufficient replicates
and controls can usually be identified. This approach was used by Lorenzen et al. (19984) to
assess the effects of tilapia stocking and fishing restrictions on small water body fisheriesin Laos.
The combination of O. niloticus stocking and fishing restrictions significantly increased tota
gtanding stocks, while O. niloticus stocking initself had no impact on the standing stocks of wild
fish. Possible effects of O. niloticus stocking on wild fish diversity could not be assessed
conclusively, due to a high degree of variation between replicates. Further studies with larger
numbers of replicatesare urgently required to provide solid baseline data on the ecologicd effects
of the most widely introduced tilapias.

It isnow widely accepted that proposalsfor fish introductions should be evaluated very carefully,
particularly where new introductionsinto awatershed are concerned (it may berather impractical,
a least in developing countries, to evaluate every single transfer within a watershed!). Coates
(1998) reviews experiences with the use of codes of practice for introduction proposals. An
example of the application of the EIFAC/ICES code of practice for introductions (Turner, 1988)
is the evaluation of introductions to the Sepik River basin in Papua New Guinea (Coates, 1993;
1995).
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6.4 LIFE HISTORY VARIATION AND “STUNTING”

The tilapias display considerable variation in life-history traits between species, between
populations of the same species, and between individuas within populations. Variation in
individual traits has been explored in section 6.2. The present section focuses on relationships
between life history traits, illustrating at first the existence of some broad patternsof symmetry in
tilapia life histories, before considering the nature of “stunting”, and finally outlining approaches
towards a quantitative understanding and prediction of life history variation.

6.4.1 Tilapia life history variation

Relationships between life history traits arise because of fithess trade-offs. I1n the fishes, such
relationships have been analysed extensively using both, comparative empirical approaches and
theoretical optimality models (e.g. Beverton and Holt, 1959; Roff, 1992; Beverton, 1992;
Charnov, 1993; Mangel, 1996). The aims of these studies were both theoretical and practica: to
understand the evolution of life histories, and to establish relationships that can be used to
estimate population parameters that are difficult to measure (e.g. the natural mortality rate M)
from more easly measured parameters (e.g. asymptotic length) (e.g. Pauly 1980).

Most empirical studies have been conducted on populations close to their natural, undisturbed
(unexploited) state in order to relate life history patternsto the conditions under which they have
evolved through natural selection (Beverton, 1992). The empirical analysis of life history patterns
in populations that have undergone recent changesin mortality or other environmental factorsis
complicated by the fact that observed patternsreflect immediate phenotypic responseswithin the
genetic constraints shaped over evolutionary time scales. Such is the case in the following
exploration of tilapia life histories, because most data are from populations that are heavily
exploited and/or have only recently been introduced into new habitats. Moreover, informationon
mortality rates is limited to total mortality.

Some relationships between life history parameters among the tilapia populations included in
Table 6.1 are explored in Fig. 6.11. Note logarithmic scales on both axes. Power relationships of
the form log Y = by + b; log X have been estimated using non-parametric (Theil) regression;
relationships with exponents b; of 1 or —1 imply proportional or inversaly proportional
relationships between the untransformed variables. Thereisasignificant and approximately linear
(by not significantly different from 1) relationship between L, and L (Fig. 6.11(a)). Although
thereisan apparent tendency for K to decline with increasing L 4, the relationship is not significant
(Fig. 6.11(b)). The relationship between K and Z is significant and positive, but a dope b;
dgnificantly less than 1 indicates a non-linear reationship, with K increasing less than in
proportion to Z (Fig. 6.11(c)). Age a maturity An isinversely related to Z (b, not significantly
different from—1, Fig. 6.11(d)). These patterns are broadly consistent with patterns of symmetry
known as the “Beverton and Holt invariants’ (Charnov 1993), which have been found to exist in
many taxonomic groups of fishes (Beverton and Holt, 1959; Beverton, 1992; Charnov, 1993) and
have been investigated theoretically by Charnov (1993), Mangel (1996), and Jensen (1996). The
invariants are: the ratio between length at maturity and asymptotic length (L./L =C,), theratio
between natural mortality and VBGF growth rate K (M/K=C,); and age at maturity A, is
inversely proportiona to the adult natural mortdity rate M (AnM=C3). The L,/L and AxM
invariants appear to hold in exploited tilapia populations (substituting Z for M), athoughit will be
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shown later that L,/L isnot strictly speaking aninvariant, but depends strongly on Z. The M/K
invariant does not hold for total mortality in exploited populations, because K doesnot increaseas
drongly with Z mortality as would be expected from comparative studies of unexploited
populations or ultimate life history models.

[Figure 6.11 about here]

6.4.2 “ Stunting”

“To stunt”, according to Chamber’ s Twentieth Century Dictionary, means“to hinder for growth,
dwarf”. By definition, therefore, “stunted” fish populations are made up of individuals that are
small relativeto their conspecifics elsewhere. “ Stunting” is acommon phenomenon in freshwater
fish and has been studied extensively for more than fifty years, but its mechanisms are still poorly
understood. Unfortunately, studies on the “stunting” of tilapias have been little informed by the
work conducted on other populations of freshwater fish, or by comparative studieson larger sets
of tilapia life history data. This has led to the perception that stunting in tilapias is a special or
even unigue phenomenon, and given rise to some misleading interpretations. I1es(1973) suggested
that tilapia stunting may be understood as a unique response to conditions of high mortality, and
identified early maturation was key mechanism responsible for stunting. He further suggested that
stunted populations were characterized by early maturation at a small size even relative to the
asymptotic size, and consequently identified the L/L ratio as an indicator of “stunting” (with
values below 0.7 characterizing a “stunted” population). However, the following review shows
that (a) the patterns of stunting in tilapias are not unlike those found in other species, and that (b)
different life histories may be associated with the “stunting”, and the phenomenon can not be
interpreted smply as a response to high mortality rates.

(a) Life history variation within species

The data assembled in Table 6.1 contain sufficient information on life history variation in O.
mossambicus to merit an exploratory analysis of “stunting” in this species. The relationship
betweenL,and L isshowninFig. 6.12(a), wherethe solid lineindicatesthemedianL/L ratio
of 0.54. The populationsrepresent awiderangeof L,and L . Overall, L,andL arecorrelated,
and there is no obvious relationship between L and the ratio of Ln/L : “stunted” populations
withaL below 300 mm show asimilar range of L,/L4 values as those growing to 400 mm or
more. HencetheL/L ratioisnot anindicator of “stunting”. However, boththeL /L ratio and
the age at maturity A, do decline with increasing total mortality rate (Fig. 6.12(b),(c)), as
predicted by lles (1973) and more recent life history models (see Roff, 1992). A better
understanding of the responsesinvolved can be obtained by looking separately at therelationships
of L, and L to Z separately (rather than their ratio). As shown in Fig. 6.12(d), L, declines
dightly withincreasing Z, but there is also an apprently more pronounced increasein L . Hence
thedeclineinL/L with Z reflects primarily an increase in growth combined with adeclineinand
Anm. Thisshows that L./L ratios can not be understood in terms of plagticity of L, aone, but
must be considered in context of two highly plagtic life history traits. Further comparative analyses
of tilapialife histories are required in order to assess whether the patterns apparent in the limited
set of O. mossambicus dataare generdisable. It isinteresting to note, however, that the patterns
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are not inconsistent with responses to exploitation observed in marine fish stocks. In a
comparatitive study of 77 socks, Rochet (1998) concludesthat exploitation leads to earlier age
and increased size at maturity.

[Figure 6.12 about here]

The occurrence of stunted populations has been reported for many families of fish other than the
chichlids, for example percids (Eschmeyer, 1936; Alm, 1946; Jansen, 1996), cyprinids (Burrough
and Kennedy, 1979; Linfield, 1979; Fiironen and Holopainen, 1988; Holopainen et al., 1997),
coregonids (Healey, 1980; Ridgeway and Chapleau, 1994), salmonids (Alm, 1959; Leggett and
Power, 1969; Hindar and Jonsson, 1982; Donald and Alger, 1989; Amundsen et al., 1993). Alm
(1959) pointed out that the low maximum size characteristic of stunted populations may be
combined with either early (see also e.g. Ridgeway and Chapleau, 1994; Jansen, 1996; Doyon et
al., 1998), or late maturation (seeaso e.g. Donald and Alger, 1989). The sameistruefor tilapias:
while the occurrence of early maturation has been widely reported (e.g. in lles 1973), there are
also examples of stunted populationswhere maturation appearsto be delayed or suppressed, e.g.
in Silliman (1975) or Eyeson (1983). Note that the populations in the latter studies were also
characterized by comparatively high L./L ratios (Table 6.1). Stunted populations are
characterized by alow maximum size and will necessarily show alow absolute size at maturity as
well, even if maturity is delayed rdative to “norma” populations. The relationship between
“stunting” and mortdlity is complex. Stunted populations may be characterized by reduced
longevity (i.e. higher mortality) compared to non-stunted populations of the same species (Roff,
1992; Jansen, 1996). Thisincreased mortality suffered by some “stunted” populations may well be
a consequence of “stunting” and size-dependent mortality, rather than a cause of “stunting”.
Further increases in mortality through experimental exploitation have often been shown to
increase growth and “rehabilitate” stunted populations (Donald and Alger, 1989; Amundsenet al .,
1993).

If the patterns of life history variationand “stunting” intilapias are not substantially different from
those exhibited by other species, is the degree of variation exceptionaly great? Table 6.2
summarisesthe coefficients of variation of asymptotic length, length at maturity and their ratio for
populations of O. mossambicus and O. niloticus, as wdl as for four non-tilapiines, herring
(Clupea harengus), cod (Gadus morhua), walleye (Stizostedion vitreum) and lake trout
(Salvelinus namaycush). The tilapiines do indeed show reatively high degree of life history
variation, which ishowever on par with that found in cod and walleye. It appears, then, that tilapia
life history variation is neither qualitatively nor quantitatively unique.

(b) Phenotypic response or genetic selection?

It has already been established in section 6.2 that the growth and reproductive traitsimplicated in
“stunting” are highly plastic, and this suggeststhat tilapia“ stunting” isalso primarily aphenotypic
response. This conclusion is further supported by the rapid emergence of “stunted” phenotypes
following isolation of sub-populations from non-stunted populations (e.g. Welcomme, 1970).
Also, atransfer experiment (Duponchelle et al ., 1998) and a population geneticsstudy (Bluehdorn
and Arthington, 1990) failed to provide evidence for genetic differentiation between “ stunted” and
“normal” populations of tilapias.
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Many studies on “stunting” in other species have likewise pointed to a phenotypic response,
reversible by experimental manipulations such astransfers or reductionsin density (e.g. Heathand
Roff 1987; Donad and Alger, 1989; Amundsen et al., 1993). However, there are also examples
where adegree of genetic differentiation isapparent (Svedaeng, 1990; Taylor and Bentzen 1993;
Szczerbowskie et al., 1997). Genetic differentiation is likely to occur when “stunted” and
“normal” forms persists in isolation for prolonged periods of time. Hence the occurrence of
genetic differentiation between thelife history formsislikely to reflect loca conditions morethan
aproperty of particular species.

(c) Environmental characteristics associated with “stunting”

A survey of theliterature pointsto certain environmental conditionsthat are often associated with
“stunting”, even though the phenomenon itself isnot identified with auniformlife history strategy.
The conditionsthat seem most regularly associated with stunting in tilapias and in other fishesare:
small water bodies, isolated populations, and alow diversty of the local fish community. None of
these conditions necessarily lead to stunting, they merely characterise situationswhere stuntingis
likely to occur and may aid the identification of underlying mechanism.

The association of “stunting” with small water bodies has often been made in the literature on
tilapias as well as other species (see e.g this chapter for tilapias; Holopainen et al., 1997 for
crucian carp). Many records of stunted populationsare from ponds or small lakes (e.g. Pechlaner,
1984; Ridgeway and Chapleau, 1994; Holopainen et al., 1997). However, not all populations of
soeciesknownto “stunt” necessarily do o insmall water bodies. there are examples of “stunted”
and “normal” populations of the same species in water bodies of similar size, or even the same
water body (e.g. Fenderson, 1964; Doyon et al., 1998). Neither is the occurrence of “ stunting”
limited to the smalest of water bodies: “stunted” populations have been reported from lakes of
more than 1000 ha area (e.g Amundsen, 1988; Amundsen et al., 1993), athough “stunting” in
such large lakes tends to be less severe than in smaller water bodies.

I solation of a population isafactor that often coincides with its occurrencein asmall water body.
However, there are situations where isolation can be identified asakey factor initsownright, for
example in landlocked populations of anadromous species such as salmon (e.g. Leggett and
Power, 1969; Gibson et al., 1996). Thereisan obvious similarity between isolation in anadromous
soecies and populations in small water bodies in that in both cases, fish are prevented from
migrating into open waters to escape the intense competition characteristic of shallow littoral
areas (Hanson and Leggett, 1985), or extremes of physical conditions. However, isolated
populations may aso show “normal” growth patterns, either naturally or in response to
experimental exploitation (see e.g. Pechlaner, 1984; Donald and Alger, 1989).

Another factor often associated with stunting is a low diversity of the resdent fish community,
sometimesto the extent that the " community” is monospecific (Welcomme, 1970; Johnson, 1983;
Ridgeway and Chapleau, 1994; Holopainen et al., 1997). A low diversity is in itsdf a
characteristic of small water bodies (e.g. Minns, 1989), and the independent significance of this
factor istherefore not easy to assess. A very low diversity is certainly not a necessary condition
for “stunting”, as the occurrence of “stunted” populationsin lakes of moderate diversity shows
(e.g. Heath and Roff, 1996).
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(d) Conclusion

The term “stunting” has long been used, and will likely continue to be used as a descriptor of
populations characterised by a low maximum size. However, “stunting” is not identified with a
particular life history strategy, but rather describesavariety of life histories united in but onetrait:
a low maximum size. The perception that stunting in tilapias is unique and does represent a
particular life history strategy (lles, 1973; Noakes and Balon, 1982) is not borne out in a
comparative perspective. The “stunting indicator” proposed in this context, the L/L ratio, is
unrelated to “stunting” asit is commonly understood (as alow Ly). Use of thisindicator is, in
fact, mideading asthe following examplesillustrate. Mattson and Kaunda (1997) compared two
populations of O. shiranus in small waterbodies, with L./L ratios of 0.59 and 0.48 (see also
Table6.1). While theindicator would suggest that the latter population wasthe more“stunted”, it
was actualy characterised by much higher growth and overall productivity than the former.
Another exampleisgiven by the two S. melanotheron populationsincluded in Table6.1. Thetank
population (Eyeson, 1983) withanL of 86 mmisclearly “stunted”, but itsL /L ratio of 0.58 s
far higher than the value of 0.37 found inthelarger growing (L = 161 mm) lagoon population. In
both these examples, as in the O. mossambicus data explored before, L, varied less between
populationsthan L .

If “stunting” is not synonymous with a particular life history strategy, but rather a collective
descriptor for avariety of strategies, thenit isunlikely that “stunting” can be understood interms
of a single factor such as “a high mortality rate”’. As discussed elsewhere in this chapter, such
“blanket” explanations appear to fail even when “stunting” is re-defined to describe a particular
life history strategy or individual trait. The problem is thus one of understanding life history
plasticity in general, rather than the ill-defined phenomenon of “stunting”. Thisislikely to require
afar more detailed analysis of responsesinindividual traits and their interactions than has so far
been attempted in the search of explanations for “stunting”.

6.4.3 Towards a mechanigtic understanding of life history plasticity

There is little doubt that the remarkable life history plasticity of tilapias is the legacy of their
evolution in variable habitats (Lowe-McConnell, 1982; Noakes and Balon, 1982). What is less
clear, but of immense theoretical and practical importance, isthe question: how isthe expression
of this plasticity controlled?

Examination of life history datafrom established tilapia populations shows patterns of symmetry
consistent with ultimate considerations of life history theory, i.e. maximisation of somemeasure of
fitness. However, an understanding the proximate basislife history plasticity, i.e. the mechanisms
that animals use to achieve optimum life history patterns (Thorpeet. al., 1998) isrequired in order
to managethisplasticity in cultured and exploited stocks. The challenge thisinvolvesisillusrated
in the example of O. mossambicus life history plasticity discussed in section 6.4.2. Comparative
examination of the data shows adeclineintheL/L ratio and in A, withincreasing Z, apattern
consistent with predictions from ultimate life history models for optimal age and size at maturity
(e.g. Roff, 1992). However, this response in involves plasticity in severa traits (primarily an
increasein L), whichisdifficult to accommodate with the common life history models predicting
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optimal age and size at maturity from externally determined growth and mortdity patterns (Roff,
1992; Stearns, 1992; but see Stampset al., 1998 for an alternative approach). The problemisthat
there are several highly plastic traits, and it is not clear a priori which of these traits would
respond and to what extent. This problem can not be solved by re-writing ultimate models, for
example to predict optimal L subject to L, A dynamic framework is required that allows to
anayse and predict development paths on the basis of state dependent, proximate responses to
environmental factors.

Such a dynamic framework must accommodate processes that are more or less continuous in
nature (e.g. growth, mortality), aswell as othersthat involve discrete “ switches’ (e.g. maturation,
ontogenic shiftsin habitat use). Continuous processestend to be easier to understand and model,
for example growth may be modelled on the basis of the acquisition of resources and their
alocation to maintenance metabolism, somatic growth and reproduction. Processes involving
switches are less well understood and more difficult to model. Perhaps the most promising
approachisto interpret switches as determined by the organisnt' s present physiological state and
rate of change, inrelation to ageneticaly determined threshold (Roff, 1996; Thorpeet al., 1998).
Thorpeet al. (1998) have used this approach in the development of afirst, proximate life history
model to predict quantitatively the occurrence of smolting and maturation in Atlantic salmon.

A comparative analysis of the weadlth of information now available from field studies on tilapia
populations could generate amatrix of conditions associated with alternative life histories, which
may be used to test the predictions from proximate models. Much of the detailed information on
date-dependent responses in development paths required to construct such models in the first
place, however, will have to be gained from experimentally manipulated populations, not least in
aguaculture.

6.5 CONCLUDING REMARKS

Tilapia populations are being exploited and otherwise manipulated in an extraordinarily wide
range of habitats, and have been studied extensively under awide range of conditions. This has
resulted in awealth of information pertinent to their population dynamics and life histories, the
sgnificance of whichismost fully appreciated in a comparative perspectiveintegrating acrosswild
and cultured populations. This chapter aims to develop such anintegrated perspective, but much
remains to be done.

The analysis of growth and reproductive traits has shown a high degree phenotypic plasticity in
both. The mechanisms governing plasticity in growth are relatively well understood at least in
qudlitative terms, and through a set of different but largely complementary quantitative models.
By contragt, little is known about the mechanisms governing plasticity in reproductivetraits, and
the exigting hypotheses are either inconsstent with the data or too loosely defined to be of rea
value. Recent developments in evolutionary ecology, analysing maturation in terms of the
organism’ sstatusrelative to genetically defined thresholds, may be promising to explore. Patterns
of mortality have been relatively little explored, in spite of their importance to management,
ecology and evolution.

Population dynamics approaches have substantia potential to aid the management of wild aswell
as farmed tilapia stocks, as illustrated in a range of examples throughout this chapter. This
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potential has not been realised as much asit deservesto be, but it is hoped that this chapter will
provide a new impetus. Many of the approaches and methods discussed are easily transferable.
However, most of the studies reviewed use conventional stock assessment models, which do not
account for the plasticity of life history traitsfound in the tilapias (as well as many other speciesof
fish). This indicates a need to develop new approaches that can account for such plagticity,
particularly in the assessment of management strategiesfor populationsthat can be subjectedtoa
high level of manipulation. Density-dependent growth appears to be a particularly pervasive
aspect of plagticity, and isrelatively easy to incorporate into assessment models.

“Stunting” in tilapias is a reflection of the plasticity in life history traits already discussed.
However, “stunting” intilapiasis neither quditatively nor quantitatively unique: similar patterns
arefound in many species of freshwater fish. “ Stunting” isa collective term applied to avariety of
life higory forms characterised by a common trait, a low maximum size. The variety of life
histories associated with alow maximum size and of the underlying causes for their expression
defies a simple definition and causal explanation. In particular, the widespread use of the L /Ly
ratio as stunting indicator intilapiasis misleading and should be abandoned. While " stunting” may
be used as a descriptor of populations characterised by alow maximum size, an understanding of
the underlying mechanisms will mogt likely emerge from an appreciation of the underlying variety
of life histories. Understanding the proximate causes of life history variation is perhaps the
greatest challengeintilapia population biology. Thisunderstanding will most likely emergefroma
combination of quantitative modelling with laboratory and field experiments: it will rely onaclose
integration of the study of wild and farmed stocks, and ultimately benefit the management of both.

Comparative information suggests that life history variation in tilapias is not as unique asit has
often been considered to be, and thisimpliesthat tilapias may serve as useful model to explorelife
history plasticity in fish in general.
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Table6.1 Life history parameters of certain tilapia populations. These dataare used for exploratory analysesin various placesin the chapter. Vauesin
brackets have been inferred indirectly and are not use in quantitative analyses. L¥ and Lm in total length.

Species Water body Arealha] Z K [/year] Ly [mm]Ly, Lm/Ly  Am[years]Source
[lyear] [mm]
O. andersonii Kafue Hoodplain 430000 0.8 0.21 434  276¢C 064 4.0c Kapetsky (1974); Dudley (1974)
O. esculentus Lake Victoria 6863500 30 0.28 295 230 0.78 54a Garrod (1959, 1963); Fryer and lles (1972)
O. karongae Lake Maawi 303000 0.81 0.18 413 285 069 6.5a FAO(1993)
O.lidole Lake Maawi 303000 0.85 0.18 432 285 066 6.0a FAO(1993)
O. macrochir Kafue Hoodplain 430000 0.7 0.31 308 21ic 069 3.0c Kapetsky (1974); Dudley (1974)
O. mossambicus Tank 0.0001 05 224 (>120)d (>0.53)d Silliman (1975)
O. mossambicus Rufanes Pool 0.12 265 114 043 1.0b Jamesand Bruton (1992)
O. mossambicus Kowie 0.6 275 217 0.79 3.0b Jamesand Bruton (1992)
0. mossambicus Bradshaw®Mill Dam 0.75 12 256 177 0.69 2.0b Jamesand Bruton (1992)
O. mossambicus Mill Farm Dam 8 04 358 264 0.74 25b Jamesand Bruton (1992)
O. mossambicus Pimburettwa 834 24 0.34 393 205 052 22a Amaasinghe (1996); De Silva (1986)
O. mossambicus Parakrama 2262 17 0.26 380 170 045 23a Amaasinghe (1996); De Silva (1986)
O. mossambicus Kaudulla 2537 16 0.52 437 210 048 13a Amaasinghe (1996); De Silva (1986)
O. mossambicus Minneriyaa 2560 31 045 450 195 043 13a Amaasinghe (1996); De Silva (1986)
O. niloticus Kaudulla 2537 19 0.34 545 225 041 16a Amaasinghe (1996); Amarasinghe and De Silva(1992)
O. niloticus Minneriyaa 2560 3.6 043 545 210 039 1lla Amaasinghe (1996); Amarasinghe and De Silva(1992)
O. niloticus Lake George 27000 32 450 205 0.46 Gwahaba (1973)
O. niloticus Lake Tukana 854700 610 390 0.64 Lowe (McConnell) (1958)
O. shiranus Chisombezi 22 21 0.67 238 140 059 13a Mattson and Kaunda (1997)
O. shiranus Mbvoniha 3.6 58 1.08 304 150 049 0.6a Mattson and Kaunda (1997)
O. squamipinnis Lake Maawi 303000 1.09 0.24 378 255 067 4.7a FAO(1993)
S. melanotheron Fosu Lagoon 61 50 0.82 161 60 0.37 0.6a Blayand Asabere-Ameyaw (1993)
S. melanotheron Tank 0.001 (0.2)e 86 50 0.58 Eyeson (1983)
T. rendalli Kafue Hoodplain 430000 14 0.31 364  248c 0.68 3.0c Kapetsky (1974); Dudley (1974)

(a) Calculated from L, and growth parameters, assuming t,=0; (b) determined by direct ageing; (c) approximate Am, Lm calculated using growth parameters; (d) based on minimum

length at which sexes can be distinguished externally; (e) average Z in pond and cage culture.
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Table 6.2 Comparison of coefficient of variation inlength at maturity, asymptotic length, and their ratio between populations of tilapias and other fish
Species.

Species CVv N Source
L4¥ Lm Lm/L¥
O. mossambicus 21 21 25 8 Table 6.1
O. niloticus 11 30 21 4 Table 6.1
Clupea harengus 15 16 8 12 Beverton (1992)
Gadus morhua 20 28 20 17 Beverton (1992)
Stizostedion vitreum 22 9 25 13 Colby et al. (1979); Colby and Nepszy(1981)
Salvelinus namaycush 9 9 5 6 Shuter et al. (1998); Trippel (1993)
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Fig. 6.1 Growth patterns in populations of O. niloticus. (a) VBGF parametersin wild ( ) and
farmed () populations. The solid line of dope—1 denotes equal growth performanceindex P. (b)
Growth trgjectories associated with points A and B. Both parameter combinations have the same
growth performance index P (and therefore the same maximum growth rate), but lead to very
different growth trajectories. Data from Moreau et al. (1986) and Pauly et al. (1988).

57



4.0

Oan Tre Omo Oma Oni Oau Tz

Fig. 6.2 Comparison of the growth performance index P between natural (n) and cultured (c)
populations of O. andersonii (Oan), T. rendalli (Tre), O. mossambicus (Omo), O. macrochir
(Oma), O. niloticus(Oni), O. aureus(Oau) and T. zlii (Tzi). Barsindicate the range and median.
Based on datain Pauly et al. (1988).
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Fig. 6.3 Relationship between water body area and asymptotic size in populations of O.
mossambicus. Data from Table 6.1.
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Fig. 6.4 Dengty-dependent growth of O. spilurus niger in extensive pond culture (without
feeding). Four al-male cohorts were stocked and harvested in a staggered fashion. (a) Growth
trajectories of the four cohorts, symbols denote observed weight and lines indicate predictions
from a density-dependent VBGF (Eq. 6.4b) with parameters W, = 3949, K=2.1 /year, and c=
0.019g"*halkg. (b) Population biomass B and corresponding asymptotic weight W,s. Datafrom
Van Someren and Whitehead (1961).
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Fig. 6.5 Range and median of total mortality rates (Z) measured for tilapia populationsin different
environments:. lakes (>100 ha); rivers; small water bodies (SWB, <100 ha); and pond and cage
aguaculture. Data from Table 6.1; and Lorenzen (1996b). Numbers indicate sample size.
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Fig. 6.6 Relationship between natura mortality and body weight in tilapia pond and cage culture.
The solid line indicates arelationship (Eg. 6.9) determined by non-parametric (Theil) regression.
The parameters b= -0.60 (90% CI [-0.67, -0.45]) and Mu=2.9 (90% CI [2.3, 3.7]) are not
sgnificantly different from the overall means for pond and cage culture determined by Lorenzen
(1996b). Data compiled by L orenzen (1996b) frominformation in Inland Fisheries Project (1977);
Williams et al. (1987); AIT (1990); Costa-Pierce and Hadikusuma (1990); Cruz and Ridha (1991)

and Dianaand Lin (1991).
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Fig. 6.7 Relationship between water body area and length at maturity in populations of O.

mossambi cusin South African (n ) and Sri Lankan (3 reservoirs (Datafrom De Silva 1986; James
and Bruton 1992).
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Fig. 6.8 Dynamics of an experimentally exploited population of O. mossambicus, maintained for
over sx yearsin a850 | tank at constant feed supply (Silliman 1975). (a) Total mortality rate; (b)
population; (c) biomass; (d) maximum length in catch; and (e) recruitment (squares: actud recruits
per sampling period, line: cumulative recruits per year). Arrowsindicate acatastrophic mortality
event due to equipment failure.
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Fig. 6.9 Relationship between the trophic status indicator chlorophyll a and fish yield in O.
mossambi cus-dominated fisheriesin Sri Lankan reservoirs (Moreau and De Silva 1991).
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Fig.6.10 Variation in Yield in three tilapia fisheries: (a) Lake Naivasha (O. leucostictus and T.
alii), (b) Lake Malombe (Oreochromis sp., “Chambo”), and (c) Lake Turkana (mainly O.
niloticus). Data from Muchiri (1997).
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Fig. 6.11 Relationships between life history traits among the tilapia populationslistedin Table6.1.
Where significant power relationships of the formlog Y = by + by log X exist, parameters are
givenwith 90% confidence intervals. (a) Length at maturity L, versusasymptotic lengthL ; bo=
0.33[-0.19, 1.19] and b;= 0.78 [0.44, 1.00]. (b) VBGF growth rate K versusL ; no significant
relationship. (c¢) VBGF growth rate K versustotal mortality rate Z; bo=-0.64 [-0.68, -0.60] and
b;=0.59[0.38, 0.84]. (d) Age a maturity Amversustota mortality rate Z; by=0.49[0.38, 0.58]
and b;=-0.83 [-1.13, -0.50]. All relationships estimated by non-parametric (Theil) regression.
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Fig 6.12 Relationship between life history traits in O. mossambicus populations. (a) Length at
maturity L, versus asymptotic length L ; the line indicates the median L,/L ratio of 0.53. (b)
L./L ratio versustotal mortality rate Z. (c) Age at maturity A, versus Z. (d) L, (open sguares)
L (solid squares) versus Z. All datafrom Table 6.1.
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