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ABSTRACT

One of \the greatest challenges facing the people of sub-Saharan Africa is the production of
sufficient food to feed a rapidly increasing ’population in the face of dwindling finances. As the
population grows at 3% and food production at 2% per annum, an annual shortage of 250 million
tons of food is expected by year 2020. The greatest obstacle to increasing the production of maize
and sorghum, the staple food in many African communities south of the Sahara, is damage by
phytophagous insects. Larval feeding in the plant whorl and later through stem tunneling causes
plant damage. Infested plants have poor growth and reduced yield and are more susceptible to
secondary infection and wind damage. Estimates of yield losses due to stem-borers are in the
neighbourhood of 20-40% of the potential yield. To realize the potential of the Gramineae family in
ensuring food security in the world, the stem-borers have to be effectively controlled. Various
methods have been tried in a bid to control these pests. In biological control, one of the approaches
is to find an exotic natural enemy that will successfully fit into the community of existent natural
enemies. Hampered by a lack of economic and convenient tools, however, advances in biological
control have been largely overshadowed by the rush to exploit insecticides and the ready availability
and comparative simplicity of cultural methods. But that is changing. Effects on non-target
organisms, resistance development and environmental pollution have incapacitated insecticides and

other chemical-based methods.

In this study, a simple one host-two parasitoids interaction model with a non-linear trend is
developed to predict and understand the reasons for the ultimate impact of the exotic parasitoid
Cotesia flavipes (Cameron) (Hymenoptera Braconidae) on stem-borer population dynamics in the
coastal area of Kenya. Results indicate that the ultimate extent of suppression of the stem-borers is
largely determined by three attributes of the parasitoids namely; the net reproductive rate, the degree
of aggregation and the searching efficiency. The model predicts coexistence of all the species
considered with C. flavipes dominating the interactive system. Implications of the results for
introduction scheme of parasitoids to control pest are discussed. We argue that a model of
intermediate complexity may offer the best prospects of predictive biological control in situations
where it is not praciicable to obtain the information needed to build and parameterize a large tactical
simulation model. The conclusions we reach are of relevance to classical biological control
practices, and in particular to those programs in which more than one parasitoid species has been

introduced to combat a particular pest of a perennial standing crop system.
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“A mathematical model is neither an hypothesis nor a theory. Unlike the scientific hypothesis, a model
is not verifiable directly by experiment. For all models are both true and false. ... leave out a lot and are
inthat sense false, incomplete, inadequate. The validation of a model is not that it is ‘true’ but that it
generates good testable hypotheses relevant to important problems.”
~ R Levins, 1966
Am. Sc., 54 p.426



CHAPTER ONE
GENERAL INTRODUCTION-FUNDAMENTAL CONCEPTS

~ 1.0: Biological control

Biological control is a form of population management. It is the purposeful use of an
organism(s) to reduce a plant or animal population that is inimical to man (Samways, 1981).
DeBach (1964) defines bioloéical control as "the action of parasites, predators and pathogens in
maintaining another organism's density at a lower average than would occur in their absence”

This involves natural enemies that act to suppress or maintain pest or potential pest species
below economically injurious levels. The organisms being suppressed are noxious in that they
consume desirable plants or plant products, attack livestock or affect man’s health. Biological
control is thus the deliberate pitting of beneficial organisms (agents) against harmful ones
(targets); ie., the deployment of natural enemies against specific animal pests or weeds
(Samways, 1981). The term control is generally applied where pests are maintained at a level

below that at which crop or other damage is too severe; that is, below the economic threshold.

An undesirable organism may be eliminated locally or, more usually, its numbers are suppressed
to a level where it is no longer a nuisance nor causes economic damage. Complete eradication is
ambitious and seldom achieved. Besides, a natural enemy that completely eliminates its prey is
then without food or host and so perishes in tum. In biological control it is more desirable to
reduce the pest population to a level that is no longer of economic or health concern, yet leaves
sufficient pests to allow survival of the control organism. This organism maintains its own

population and prevents the pests from returning to damaging levels (see Fig. 1.0.1).
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Fig.1.0.1: Successful biological control: The increase in the population of the natural enemy causes a decrease in the pest from
damaging level (A) to a non-damaging one (B). With now fewer pests to sustain it, the natural enemy population declines. Both
populations then continue at a low equilibrium level (modified from Samways, 1981)

Owing to the undesirable environmental effects of the most potent insecticides, the idea of
combating a pest with the aid of its naturalvenemies is attractive. Theoretically it should also be
cheaper. Unfortunately, it is very difficult to achieve in practice although there have been some
great successes. The control of the prickly pear cactus in Australia by means of the moth
Cactoblastic cactorum is a classic example. It is, however, easier to control a plant than an
insect pest because the former is static and the control can be brought to it. The biological
control of insect pests has occasionally been achieved, but it is a far more sophisticated matter
than even the use of the right insecticide technique and offers less guarantee of success.

The only effective controls on insects, that is to say the only organism that kill enough of them:.
fast enough, are microorganisms and other insects. Microorganisms cannot readily be made to

control a particular outbreak since their own multiplication depends on environmental
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condiﬁons, especially climatic ones, which cannot be guaranteed. Limited success has been
obtained with bacterial preparations against lepidopteran caterpillars and beetle larvae.

The best controls are thus other insects. The classic case occurred towards the end of the 19®
century in California (Ehler, 1990; Eilenberg et al., 2001). Citrus plantations were being ruined
by a plant bug, the cottony-cushion scale insect, Icerya purchasi Maskell (Homoptera:
Margarodidae), which had entered the country from Australia or New Zealand where its natural
predator is a vedalia beetle (Rodolia (Vedalia) cardinalis Mulsant [Coleoptera: Coccinellidae]).
Specimens of the beetle were imported and when released into the Californian orchards
completely destroyed the pest, a performance that has been equaled whenever the process has
been repeated. The very success of the venture raised extravagant hopes for the future of
biological control, which have not usually been realized, although the principle is likely to be
developed.

DeBach (1964) gives an example of recent control, which was not only a complete success but
demonstrates how cheap biological control, can be. Citrus crops are very imbortam to the
economy of Greece and surrounding countl"ies. Many coccids (scale insects) attack them, but in
1962 the principal one was Chrysomphalus dictyospermi, which produced leaf-drop, dead twigs
and fruit, encrusted with scale. Several species of likely parasites were transported by air from
thcbreedinghouseshtheUniversﬁ&ofCalifomia.Oneofthem,asxmllclnlcid,Aphytis
melinus (Hymenoptera: Chalcididae), survived well under local conditions and in a couple of
years had eliminated the scale at a cost of a few hundred dollars. That figure includes the cost of
transporting the parasites to Greece and colonizing them there but not, of maintaining the
breeding establishment. By any standards the cost compares well with that of chemical control,

which in this case had not been particularly successful.



Perhaps the best-known method of biological control is that used to combat exotic pests. Exotic
pests frequently invade regions without their adapted natural enemy complex and, in the absence
of effective local natural enemies, they can reach very high population levels. Their control
involves the introduction and establishment of effective natural enemies imported from the pest's
area of origin. This method is frequently called classical biological control in recognition of its

relatively early first use in the 1800s (Crawley, 1992).

1.1: Approaches to Biological Control

In a bid to harmonize the terminology in biological control across different research disciplines,
Eilenberg et al. (2001) provide a unified framework for studying this rapidly growing area. They
outline and define four strategies of biological control as discussed below in brief:

@) Classical biological control

This is the intentional introduction of an exotic, usually co-evolved, biological control agent for
permanent establishment and long-term pest control. In its original form, it is the use of exotic
biological control agents imported from its native home into the target area against exotic pests
that have arrived without their natural enemies. In the absence of their natural enemies, the
exotic pests muitiply rapidly and spread to become a major pest. Thus, classical biological
control attempts to introduce the natural enemies also into the new area so that they will
reestablish equilibrium with the pest and keep it under control. This is often referred to as an old
association because the natural enemy and pest were in the same place or ecosystem. The term
‘neo-classical’ (or ‘new association’) biological control has been used when an exotic natural
enemy is introduced against a native pest.

(i) Inoculation biological control

This is the intentional release of a living organism as a biological control agent with the

expectation that it will multiply and control the pest for an extended period, but not permanently.



The number of predators released is insufficient to control the pest insects, and success depends
on the ability of the released organisms to multiply and reduce the target population. This type of
release or application to conm\)l pest insects is strongly dependent on population regulation and
density dependent processes. Sufficient pest numbers (or other means for growth of the
biological control agent) must be maintained following the initial release to support a second or
third generaﬁon of the released agent, and attention must be focused on ensuring that conditions
enable this multiplication to take place.

(ii) Inundation biological control

This is the use of living organisms to control pests when, exclusively, the released organisms
themselves achieve control Inundatively released biological control agents must normally
contact and kill a sufficiently high proportion of the pest population or by other means reduce
the damage level to give economic control before dispersing or being inactivated. The success
depends solely on the released population and not their progeny; thus attention is paid to storage,
formulation and application. In practice, if there is limited multiplication of the released
organism, residual effects (some inoculative effects) often follow inundation biological control.
(iv)  Conservation biological control

Conservation means premeditated actions for protecting and maintaining natural enemies. It is
the modification of the environment or existing practices to protect and enhance specific natural
enemies or other organisms to reduce the effect of pests. This approach attempts to increase
natural enemy populations or their beneficial effects for control of native or exotic pests. In this
strategy, natural enemies are not released. It is rather a combination of protecting biological
control agents and providing resources so that they can be more effective. It includes limited and
selective use of pesticides but also active processes such as providing refuges adjacent to crops
or within crops, facilitating transfer of natural enemies between crops or even directly

provisioning food or shelter for natural enemies.



1.2: Pests most suitable for Biological Control

Not all pests can be controlled by biological control techmique. The pests most suitable are
exotic pests that have been introduced into a country without their natural enemies. The goal in
biological control is to find out what the effective natural enemies are, where they can be found,
and to try to import them from their native area into the affected areas to control the pests.
Biological controi is most suited for single, dominant, exotic pests that are not closely related to
indigenous beneficial species. It is not appropriate for a complex of pests, or pests with many

related members, which are of economic importance because it may attack them as well.

1.3: Integrated Control

Van den Bosch et al. (1971) define integrated control as follows:
Im:gmtedconmlisapestpopuhﬁonmamgenwﬁsys(emdlmmﬂiscsansdtabktechxﬁquesemrto
reduce pest populations and maintain them at levels below those causing ecopomic injury, or to so
manipxla!ethepopulaﬁomdmttheygrepreveﬁedﬁomwxsing such injury. Integrated control achieves this
deal by harmonising techniques in an organised way, by making the techniques compatible, and blending
them into a multifaceted, flexible system. In other words, itis a holistic approach aimed at minimising pest

hanwhihshnﬂmlymaimdlﬁngthehﬁegrityofﬂxeeeosystem.

Thoughthereisagenexalagmementthatthedevebpnm ofanirnegratedcomolprogram
requires the exercise of judgement and the selective acquisition of much ecological information,
opinions vary considerably regarding the extent to which mathematical and statistical techniques
are needed to exploit this information. At opposite ends of the spectrum of opinion, we see
positions that, respectively, may be called "quantitative” and the "qualitative” view. To so
designate them imvolves an oversimplification, since each position necessarily comntains a

wmbknlbnofmmappmmhes,mvmmmthemﬁnﬁ%theympMmesuﬁckmty



different that the future of integrated control will certainly be influenced accordingly to which

predominates.

The quantitative view holds that, in general, the ecosystem in which integrated control is needed
are susceptible: to detailed analysis to an extent that the relations between their main components
can be understood and the interactions of these components predicted. That is to say: by a series
of formal steps a mathematical model can eventually be prepared that simulates the quantitative
interactions of the main entities of the ecosystem, and such a model can be used to predict the
result of changing the action of certain of these entities and so make possible pest management
by conscious orderly manipulation based on a prior knowledge of the outcome. To some
ecologists such an approach constitutes an essential part of system analysis which is therefore
seen not only as "the use of scientific method with conscious regard for the complexity of the
~ object ofstudY‘hndmasmappﬁcatbﬁdistthShedbythcuseofadvmednmhmmiml
and statistical techniques and by the use of computers™ (Dale, 1970). In its latter, more restricted
sense, and as it applies to ecological problems, systems analysis comprises the four successive
phases that characterize problem solving.

1. The lexical phase, in which a choice is made (by an ecologist rather than a mathematician)
of the entities that compose the system.

2. The parsing phase, in which the relationships between selected entities are defined.

3. The modeling phase, mwhlchanattemptsmdetospecﬂ‘ybymmofamdel,the
mechanism by which changes in the system take place.

4. The analysis phase, which involves solution of the model, in some sense, and validation of
the model outputs by comparing them to the real system outputs (Huffaker, Messenger &
DeBach,1971).

Having a descriptive model described in a computer program, one may, at will change the

various components of that system to determine the optimum way in which the pest density may
be regulated or maintained at any level set by the simulator. The desired level might be a pest
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population below the economic level. The relative cost of alternative programs for achieving this
level could be compared. In another situation, it might be useful to determine just how close to

medesiredpowlationlevelwemig}nmchbyaheringasinglefactorasothetsareheld

constant.

1.4: Natural Enemies

AMuralenemyisanorganism(anmixmlorplam)thatcausesﬂlepremtured&thofanomer
organism. In nature all populations of organisms have restraints preventing their unlimited
increase. These restraints may be divided into two groups. Firsttberéareﬂnsethatexerttheir
effect irrespective of the density of the population on which they act (density independent
factors). These factors affect the population no matter what the population level. Examples are
weather and climate. Second,thereareﬁnsewhosemﬂuencevariesaccordingtothcdensixyof
the population (density dependent factors). When the density dependent process is positive, its
effect is proportionately strongest with a high population and relatively weakest with a low one.
In other words, ﬂrperceﬂagemonalityis}ﬁghestwhcnmepreypopuhﬁonishighandlowm
when prey individuals are few and widely scattered. The result is that the population is
regulated within certain limits. As biological control is a form of induced population regulation,

it is of value to understand these density—dependentregulatoryproc&sesinmtmalpopmatiom.

Pmasﬁoidsmdmedﬂommanhnportmnposﬁiwregmﬂowmessme@onmyms&tpmy
populations.Parasitoidsareinsectsﬂm]aytheireggson,in,ornearthebodiesofotherimects
(Godfray & Shimada, 1999). The eggs hatch and the parasitoid larvae kill the host as they feed
on it. ‘Soine parasitoids consume their host immediately (idiobionts) while others allow their
host to feed and increase in size (koinobionts); some parasitoids feed alone on the host while

others develop in large broods (solitary versus gregarious); some species feed internally in the



host (endoparasitoids), others externally (ectoparasitoids)’ (Godfray and Shimada, 1999). They
have only a single age-class (the adult female) that searches for hosts. These natural enemies can
contribute towards maintaining their hosts at a characteristically low level (see Samways, 1981).

The interactions between parasitoid species are classified as either exploitation or interference
competition. In the simpler case of exploitation competition, the parasitoid species are
independent of each other in their use of the host species; hence the covariance between their
distributions in the host population is zero. This assumes that exploitation competition does not
lead to the exclusion from a host of one parasitoid species due to the presence of another. In
contrast, in the case of interference competition, interactions between the two parasitoid species
may be antagonistic or synergistic. These interactions cause the presence of one species to
mﬂmncethepmbabﬂﬁyﬂmmeothﬁispr&semmhemismusammzcmwvaﬁamewrm,
which alters the statistical distribution of each parasitoid species. Where interactions between the
parasitoid species are amtagonistic, the covariance term is negative; where interactions are

synergistic, the covariance is positive.

1.5: Factors important to successful parasitism

Godfray & Shimada (1999) noted that excellent biological control implies superior parasitoid

properties relative to the situation. They identified four main characteristics that are pertinent to

the efficiency of a parasitoid. These are,

0)) itsadaptabﬂitytothevaryh)gphysicalcondiﬁonsofﬂleenviromnem,

(2) its searching capacity, including its general mobility,

(3) its power of increase relative to that of its prey, and

(4) Other intrinsic properties, such as synchronization with host, its host specificity, degree of
discrimination, ability to survive host-free periods, and special behavioural traits that alter its
performance as related to density or dispersion of its host and its own population.
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1.6: The Basic Theory of Competition

Owing to the complexity of insect behaviour and physidlogy, numerous factors that modify the

size of their populations exist. These factors include climate, food and competition with other

animals of the same or of different species.

When two or more animals are seeking the same resource, which is in short supply, then

competition is said to occur. Varley et al. (1973) defined competition as a ‘manifestation of the

struggle for existence in which two or more organisms of the same or of different species exert a

disadvantageous influence upon each other because their more or less active demands exceed the

immediate supply of their common resources’. This implies that populations existing within the

same (narrow) ecological niche cause competition; that is, once the population has grown to a
size at which one individual cannot obtain resources without affecting another, competition will
occur.

Competition is divided into intra-specific (within-species) competition, which is the competition
between individuals of the same species, and inter-specific (between-species) competition,
which is the competition between indi\;idﬁals of different species. Intra-specific competition
increases when a population grows until it strains or surpasses its carrying capacity. If in a
population, mortality from competition increases as the population density increases, then we
say that competition acts in a density-dependent manner. In this case, stabilization of a
population is feasible.

Two competitive outcomes are possible: coexistence or displacement. The problem of interest,
therefore, is the prediction of the possible outcome and the determination of the variables and
conditions that produce either of the two outcomes.

In either intra- or inter-specific competition, two extreme forms of competition do exist:
‘contest’ and ‘scramble’ competition. In the former, each successful competitor gets all it

requires for survival or reproduction while the unsuccessful one gets insufficient or none at all.
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The competitors seeking the resource harm one another in the process even if the resource is not
in short supply. In the latter, the resource is shared amongst all the competitors, each competitor
trying to acquire as much of the resource as possible. Thus a number of organisms utilise
common resources that are in short supply. For species with scramble competition, the effect of
population growth may be an increased mortality, or decreased growth by individuals, or both.
The principle of competitive exclusion states that complete overlap between niches is
impractical. Thus the ‘victor’ will eventually eliminate the ‘looser’.

Varley et al. (1973) outline three factors to consider when assessing the effect of competition,
Viz;

(1) a measure of the changes in the supply of resources,

(i)  ameasure of the number of individuals competing in the population, and

(ii)  an assessment of the disadvantageous influences that may show either as a reduction in

the number or proportion which survive, or as a reduction in growth rate, adult weight or

reproductive capacity.

Parasitoid population ecologists have been concerned with the contentious issue of multiple
introductions of parasitoids as a biologiéél control stategy. At opposite ends of the spectrum, we
see two antagonistic approaches. On the one hand, it is argued on a priori grounds that the most
effective parasitoid species will always cause a greater depression of the host equilibrium on its
own than in competition with other species (e.g., Turnbull & Chant, 1961; Turnbull, 1967; and
Watt, 1965). On the other hand, Huffaker (1971) and van den Bosch (1968) take a more
pragmatic stance, arguing that the identification of the "most effective” parasitoid species 1s
impractical (see Ehler, 1990).

In the next chapter, we discuss some basic mathematical models that are frequently utilized in

population ecology.



CHAPTER TWO
SOME BASIC MATHEMATICAL MODELS IN POPULATION ECOLOGY

20: Introduction.

‘In formulating a stochastic model to describe a real phenomenon it used to be that one
compromised between choosing a model that is a realistic replica of the actual situation and one
whose mathematical analysis is tractable. That is, there did not seem to be any payoff in
choosing a model that faithfully conformed to the phenomenon under study if it were not
possible to mathematically analyse that model. Similar considerations have led to the
concentration on asymptotic or steady-state results as opposed to the more useful ones on
tmnsient time. However, the relatively recent advent of fast and inexpensive computational
power has opened up another approach-namely, to try to model the phenomenon as'faithfully as
possible and then to rely on simulation study to analyse it’ (Ross, 1990). With the ubiquitous
availability of computers, and, statistical program packages such as SAS or BMDP that contain
easy- to- handle routines for solving non-linear regression problem, the numerical solution of
large ecological models became feasible. In this chapter, we discuss some basic mathematical
models that describe population growth. We begin with the most elementary idea in ecology: the
gowth in the number of individual organisms making up a single population. We then
incorporate density-dependence in birth and death rates. Later, we introduce a second population

ofa competing species and model the growth of the two competing populations.

2.I: The Geometric model

This is the simplest population growth model. For many organisms, time does not really behave
asa continuous variable (Gotelli, 1998). Consider a unicellular organism that reproduces by the
process of binary fission, and whose population-has non-overlapping generations (e.g. amoeba).

Let N; be its population density at time t. Further, let N, be its initial population density and
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suppose that no limit affects its population growth. Then its rate of increase per unit time is

given by

R=—r, f=12, (2.1.1)

and hence its density at time t is given by

N, =N,R', t=12,- (2.1.2)
which is an expanding geometric series. This model (2.1.2) is much too simple to be realistic for
many natural populations. It leads to populations that continue to grow indefinitely. Obviously,

population growth is always, sooner or later, checked.

2.2: The Malthusian Model.

The Reverend Thomas R. Malthus (1766-1834), while giving the first qualitative formulation of
population growth, observed that increase of population follows a geometric progression in
contrast to its mean of subsistence that ’.tends to grow in arithmetic progression (see Biswas,
1988). Suppose that population growth is a continuous process. Then from simple differential
equations, we can derive a mathematical model of population change. Let N; be the population

density at any time ¢, then the population’s instantaneous growth rate is given by

dN
—t=1N 2.2.13,
v , 22.1)

where 7 (=instantaneous birthrate — instantaneous deathrate) is the intrinsic rate of natural
increase in the given ecosystem if the population size does not exert pressure on the
environment. This is a potential rate of increase under conditions of unlimited resources and is

related to R in (2.1.2) by r=1log,R. Equation (2.2.1) says that the rate of change of the

population is proportional to the existing population, under condition of unlimited resources.

The integral form of (2.2.1) is
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dN
—Ldt = |rN dt
f dt Ir '

dN,

=5 J —- .[rdt

=nN=rt+C , C being the constant of integration.
If the initial size of the population is Ny (at time t=0),
C=4{nN, = ¢nN,—{nN, =rt (2.22)
= N, =N~ (2.2.3)
Curves based on these equations are known as the exponential population growth curves.
Malthus did not take into account of the fact that in any given environment the growth of the

population may stop due to the density of the population that the environment can sustain

(Biswas, 1988).

2.3: The Logistic Model.
If in equation (2.2.1) >0, we have grthh; Here the population grows and continues to expand

to infinity, that is ]jmN, =+w. On the other hand, if r<0, we have decay. Here the population

1>

will shrink and tend to zero; that is, we are facing extinction. Evidently, the first case, r>0 is
inadequate and the model is inappropriate. The premise has to do with environmental
limitations. The complication is that the population growth is eventually limited by some factor,
usually one from among the many factors. When a population is far from its limits of growth, it
can grow exponentially. However, when nearing its limits the population size fluctuates, even
chaotically. To remedy this flaw in the Malthusian model, Pierre F. Verhulst (1804-1849)
proposed the logistic model in 1838 (Gotelli, 1998). He postulated that the rate of the population
growth was jointly proportional to the existing population (Biswas, 1988). That is the actual rate

of increase per individual as opposed to the intrinsic rate (r,which is a constant) is reduced as the



population (Ny) rises to a stable upper limit *K’, which is a limiting size for the population. ‘K’ is
also called the ‘carrying capacity’ and it depicts the maximum population size that can be

supported by the resources in the environment.

To derive the differential equation for this model, consider equation (2.2.1). If the population is
very small we would expect the effect of intra-specific competition to be very low as well, and
the growth rate dNV, /dt(1/N,) would be at the maximum, ‘»* (Fig.2.3.1). On the other hand, when
Ny is very high, intra-specific competition would stop the population from increasing any further,
so the growth rate would be zero. Assuming the simplest situation in which ‘» decreases at a
constant rate as N, and the amount of competition increases, we can represent this situation

graphically as in Fig.2.3.1 below:

0,0
(0,0) N, K

Fig.2.3.1: Diagrammatic representation of the logistic model.
The population where r is zero is labelled with a K
Now using the general equation of a straight line,
y=mx-+c

we obtain the equation for the above graph as



I dN, [ N, .
peees =il s T (2.3.1)
N, dt LK J
, =1, s dN, : . -
Rearranging .this gives the rate of increase as T =rN (I1-N_/K), (2:3.2)
at

which is the logistic model.

The feedback term (1-N, /K) retlects the fact that every individual suttracts equally from the
carrying capacity “K’. It is the addition of this feedback term in (2.3.2) that makes the logistic
curve depart from the Malthusian curve. The term N, /K measures the retarding force due to the
environmental resistance. In the initial stage when N, is small, this force is negligible and
equation (2.3.2) reduces to the Malthusian equation. On the other hand, as N, approaches "K',

‘ . ; . dN
this force increases and its value approaches unity. We observe that N, = K = —CR‘— =

7\

That is, as the population increases, the rate of increase (+), (where r- :r(l——lzf

1) 1s

/

progressively reduced and it approaches zero (birthrate = deathrate) when the population has

reached the value of ‘K.

.

To solve equation (2.3.2), we recognise a non-linear equation that is separable. The constant

solutions are N;=0 and Ng=K. The non-constant solutions may be obtained by separating the

dN,

variables _—
N,(l - ﬁj
K

. dN
=.rdl and integrating J——‘—) e Irdt

dN dN
=5 j L+ '[(K—Il\l‘) = ert.

If the initial size of the population is Ny (assuming Ny is not equal to both 0 or K), we get

‘=L , where th_NO
1+ he-n N,

N
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This is the fundamental equation of the logistic growth, which can be taken as the generalisation
of the Malthusian model (Biswas, 1988). From equation (2.3.3), it is clear that as t—»o, N
approaches the asymptotic value or carrying capacity, K.

Differentiating (2.3.2), we get d;i\lt —r dit (1 .

2N

Substituting for dN; /dt from (2.3.2), we get a

(2.3.4)

(22

K)'

Now, d2N, /dtz = 0 has three roots, first at Ny= 0, the second at N;= K/2 and the third at N,= K.

At the extreme values, Ni=0 and N= K, the rate of increase is zero. The logistic curve is flat at

these points. At the intermediate value, the population increases steeply. The constant /4 is

L . . ; : £ .
related to the point (t) of inflection of the curve on the time axis by t' = Lh The predicted
r

population size at this time (N, ) is always half of the value of K, (N, =K/2) (Varley et al.,

1973). One flaw of the logistic model is that it does not tell us when a population is facing

extinction since it never implies that. Even starting with a small population, it will always tend

to ‘K’. The three major assumptions for this model are

(1) All individuals are equivalent,

(i)  The parameters » and K are constants, and

(iii)  There is no time lag in the response of the actual rate of increase per individual to
changes in population density.

Assumption (i) implies that age and sex differences are ignored. Assumption (ii) implies that the

environment is constant. Assumption (iii) is a common assumption in differential equation

models of a population.



2.4: The Ricker Model.

-

In 1954, W.E. Ricker developed a simpic way of showing the eifects of density-dependent
_ mortalities on fishes, which he also applied to insects (Varley et al., 1973).

The model. written as N, = aN exp(-BN,) (2.4.1)
assumes a negative exponential density dependent relationship. The parameter « is the finite rate
of population change; that is, the average number of births per individual per generation. On the
other hand, B gives the strength of density dependence. In its original form, N, is supposed to
represent the number of members of a givén population in generation t divided by the carrying
capacity of the environment (as earlier defined, carrying capacity is the largest number of
members that can coexist under optimal nutritional conditions in the environment). Two things
determine the shape of the Ricker's reproduction curves: a and f.

Dividing (2.4.1) by N, and taking the natural (Naperian) logarithms, we obtain

(N, /N,) = fna—pN, (2.4.2)

Thus €n(N+1/Ny) can be regressed against Ny té evaluate {na (and hence a) and B, and to find out

how accurately this model describes the dvnamics of insect populations.

We now consider a system in which two insect populations or population units, designated as
‘A’ and ‘B’ with parameters having these suffixes, are both feeding exclusively on the same

food.
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2.5: The Lotka-Volterra Competition Model
lmerestin(g mathematical models that we have not so.far considered are those that incorporate
interactions between species. The earliest inter-specific competition model in ecology was proposed
“in the 1920s and 1930s by the American biophysicist Alfred J. Lotka (1880-1949) and,
independently, by the Italian mathematician Vito Volterra (1860-1940) (Gotelli, 1998). The Lotka-
Volterra model (simply called L-V model) is an extension of the logistic model to cover two
competing species, and is based on two equations of population growth; one for each of the two
competing species.
The feedback term (1-NyK) in equation (2.3.2) represents intra-specific competition. We need to
generalize it, so that it includes inter-specific competition as well. How do we do this? Let the rate
of increase for the two competing species A and B, be governed by equation (2.3.2). Let each have
its own intrinsic rate of increase (ra or rg) and its own carrying capacity (Ka or Kg). If these two
species are interacting, that is, affecting the population growth of each other, another term must be
introduced into equation (2.3.2). Let a be a competition coefficient-a number giving the degree to
which an individual of species B aﬁ'ec';s 'tiuough competition the growth or equilibrium level of
species A’s population, relative to the effect of an individual of species A. If o=1, then individuals
of the two species are interchangeable-each has an equal effect in depressing the growth of species
A. On the other hand, suppose a=2. Each individual of species B that is added to the environment
depresses the growth of Na by the same amount as adding two individuals of species A (Gotell,
1998). Thus a expresses the impact on population growth of species A of an individual of species B,
relative to the impact of an individual of species A. Similarly, let B be a competition coefficient,

measuring the extent to which species A presses upon the resources used by species B. That is, B is
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the per capita effect of species A on the population growth of species B. Then. the carrying

capacities are reduced according to

R L. (2.5.1)
Bl +a(N,/N,) " 1+B(N, /Np)
Substituting these in equation (2.3.2), we obtain the celebrated L-V equations as
dA =rN,|1 L2
a oo K
(2.5.2)

i, —2 =N, I—E\J—B
dt K

B
Though these equations are too simple to be realistic for many natural populations, they are much

quoted since they assist us to picture the way in which competition may act (Varley et al., 1973).
Depending on the relations of o and B to Ka and Kp, the L-V equations lead to different results of
competition, To predict the outcome of competition over time, we determine population sizes for
species A and B for which population growth of both species will be zero. That is, we determine the
equilibria. Thus by setting both L-V equations equal to zero, we produce expressions that define the
permissible ratios of species A and species B at equilibrium.

=0 and %=0
dt

Let us first determine the population sizes for which the population growth of species A is equal to

zero: AP N, N, ‘ (2.5.3)
dt K

This expression is equal to zero if any of the three factors ra, Naor (1-N, /K') is equal to zero. If

r4=0, then the maximum population growth rate for species A would be zero. But this is a trivial
case of a population with no growth potential. Another trivial case is if Na=0 since the implication

is that we have a population with no individuals of species A. Since we are interested with situations
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' in which species A exists (to see what happens when it competes with species B). we are left with

'~ one and only one non-trivial case- when (1-N,/K')) =0

:)0:]—(NA+QNB)
K.\
Solving this, we find N, = K, —aN, and N, =(K, -N,)/a (2.5.4)

Plotting N» against Np, we obtain a straight line with N-intercept=Ka; Np-intercept=K /a and the

slope=-a.. Thus the graph looks like this:

Ka K dN
Cdt

Np
Fig.2.5.1: The N, - isocline generated by the L-V competition equations.
The line, called an isocline (zer(; growth isocline) for species A, represents all combinations of Na
and N for which dN/dt=0,
If N and Np correspond to a point below this line, then we have fewer individuals of the two

species than the numbers required to cause dNa/dt to be zero (i.e., dNa/dt>0). Thus there would be

plenty of resources for species A, and the population of species A would increase in size. Cn the
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other hand, if the density pairs fall above the isocline, then we have more individuals of the two
species than would cause growth to be zero. Thus N would fall due to the presence of so many
individuals (leading to depletion of resources). Graphical representation of these areas of increases

or decreases looks like this:

N,

Fig.2.5.2: Relative abundance of species A. An upward arrow represents increase in N,
while a downward arrow represents decrease in N,.

We cannot infer anything about species B from the isocline for species A.

Analogously by imitating the above argument, but with all the A’s and B’s reversed, we can
determine the population sizes for which species B population growth is zero. The equilibrium
population density in this case is I:IB =K, -BN, (2.5.5)
The zero growth isocline and the graphical répresentation of the areas of increase or decrease for

species B are as shown in Figures 2.5.3 and 2.5.4 respectively:



N, K, /p

Fig.2.5.3: Isocline for species B. Below the isocline there are few individuals of species A and species B, and hence plenty of resources.

Kz

dN

N
\
\\
N dt
N
B b
\
\
N

Bzo

N, K, /8

Fig.2.5.4: Relative abundance of species B. An upward arrow represents growth of species B while a downward arrow represents decrease in Nj.



CHAPTER THREE
THE MODEL

3.0: Introduction

The major challenge now facing the sub-Saharan Africa and Kenya in particular is that of feeding
the ever-increasing populatiofx, in the face.of a sagging economy. The Gramineae is the family of
plants most important to humans, as it contains numerous cereal grasses like wheat (7riticum
aestivum), Barley (Hordeum vulgare), oats (Avena sativa), maize (Zea mays), rice (Oryza sativa),
sorghum (Sorghum bicolor) and millet (Eleusine coracana), the staple foods of most of the world’s
population. The tropical plantation cash crop, sugarcane (Saccharum officinarum) is important for
providing income to many farmers. Numerous grasses are important sources of fibres as well as
livestock feeds. Many insect pests attack them but lepidopteran stem-borers are ubiquitous and the
most damaging (Mohyuddin and Greathead, 1970; Bosque-Perez & Schulthess, 1998; Seshu Reddy,
1998). Stem-borers are the immature stages of certain moths, which feed internally within the stems
of the above and other crops. Several species, most of which are indigenous occur. Maes (1997)
identified 20 economically important spec;eé of stem-borers in Africa. Chilo partellus Swinhoe
(Lepidoptera: Crambidae) is an exotic species, first reported in Aﬁ'iCé from Asia in the 1930s. It is
one of the major lepidopterous stem-borer pests of cereal crops in Kenya (Overholt ef al., 1994a,
1997), and is found in cultivated gramineous plants together with indigenous stem-borer species
(Ngi-Song et al., 1996). In the coastal area of Kenya, Ch. partellus is the most abundant and is
displacing the indigenous stem-borers at some locations (Overholt ef al., 1994a; Kfir, 1997
Ofomata et al., 1999a,b,2000). The indigenous species include Chilo orichalcociliellus Strand
(Lepidoptera: Crambidae), Busseola fusca (Fuller) and Sesamia calamistis Hampson (Lepidoptera:

Noctuidae).
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The indigenous natural enemies of Ch. partellus, including the most common, gregarious, larval
endoparasitoid, Cotesia sesamiae (Cameron) (Hymenoptera: Braconidae) are unable to maintain the
. pest population density below economically injurious levels (Overholt er al., 1994b; Omwega and
Overholt, 1997). For instance, Overholt et al. (1994b) showed that C. sesamiae accounted for as low
as 0.5-3% mortality of late instar Ch. partellus larvae in the coastal zone of Kenya. In 1991,
Cotesia ﬂdvipes Cameron (Hymenoptera: Braconidae), a gregarious larval endoparasitoid of stem-
borers in Asia, was introduced into Kenya for biological control of Ch. partellus. It was selected as
the best candidate for introduction because of its history of success outside of Africa and its
importance as a parasitoid of stem-borers in its aboriginal home (Overholt ef al., 1994b). A colony
of C. flavipes was initiated at the International Centre of Insect Physiology and Ecology (ICIPE) in
Nairobi, Kenya, using parasitoids collected from Ch. partellus at Rawalpindi, Pakistan, by the
International Institute of Biological Control (IIBC) (Overhoit e ai., 1994c). A C. sesamiae colony
was also initiated in 1991 with parasitoids collected from Ch. partellus in the coastal zone of Kenya
(Ngi-Song et al., 1995). Laboratory studiés at the ICIPE revealed that C. flavipes and C. sesamiae
could successfully parasitise not only the target stem-borer, but also Ch. orichalcociliellus and S.
calamistis (Ngi-Song et al., 1995) (Table 2). Both C. flavipes and C. sesamiae are ecologically
similar, attacking medium- and large-sized stem-borer larvae (Smith et al., 1993). Laboratory and
field studies, carried out to investigate the intrinsic and extrinsic competition between these two
parasitoid species suggested that the former was superior to the latter when Ch. partellus was the
host (Mbapila, 1994; Ngi- Song et al., 1995; Overholt et al., 1997 and Sallam e al., 1999).

In the long rains season of 1993 (March-July), C. flavipes was released at three sites in the Coast
Province of Kenya (Mtwapa, Kaloleni and Kikoneni) over a period of 6-8 weeks (Overholt et al.,
1994c¢). Recoveries since 1994 have demonstrated that the parasitoid is firmly established (Overholt,

1998) in various regions of the coastal Kenya (Overholt ez al., 1997 & Overholt, 1998) (see Table



26

3.1). Recently, some evidence has been established suggesting that this exotic braconid wasp might
become an important mortality factor of stem-borers at the coast. For instance, in the long rains
~ season of 1999, Zhou er al. (2001) reported that C. flavipes accounted for a 52.94% and a 33.07%
decrease of Ch. partellus density in the north and south coast, respectively. They also reported a
37.1% and an 18.08% reduction of the total stem-borer complex in the north and south coast,
respectively, courtesy of this parasitoid during the same season. Elsewhere in southwestern Kenya,
comparative studies suggested that the parasitoid was causing greater mortality to stem-borers than
in the coastal area (Overholt et al., 1997). A better understanding of the dynamics of the interactive
system will be expected if it is described and analyzed by a mathematical model. In this study,
therefore, a simple model of the one host-two parasitoids interaction including the parasitoids intra-
and inter-specific competition is presented. The model, essentially a modification of the classical
Lotka-Volterra competition model, is developed with special reference to the system of the stem-
borer and the two parasitoids, C. flavipes and C. sesamiae. The relevant variables are the population
numbers of individual species populatior;s on a particular season (generation). Data for the model

come from various sites in the coastal area, Kenya and are shown in Table 3.1.

Time Season (long rain/short Density ot C. sesamiae (No. Density of C. jluvipes (No. i | Deusily oi Ch. partellus
®) rain) of parasitoids per 100 plants) parasitoids per 100 plants) (No. of larvae per 100 plants)
0 19921r 7.95 0 83

1 1992sr 1.29 0 88.3

2 19931r 0.58 0.63 "1 96.6

3 1993sr 1.84 0.11 1154

4 19941r 2.47 0.79 126

5 1994sr 423 1.12 144

6 1995Ir 2.09 0.16 135

7 1995sr 9.97 0.17 140.5

8 19961r 2.94 2.35 143

9 1996sr” 13 3.19 161.8

10 19971r 4.05 4.03 170.2

11 1997sr 16 6.21 183.1

12 1998Ir 4.93 15.27 142

13 1998sr 9.8 12.52 104

14 19991r 7.89 15.65 112

1996sr =(1995sr+1997sr)/2

Table3.1: Densities of the two parasitoids and the stem-borers at various sites on the Kenyan coast.
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The model attempts to address some specific quesﬁons relating to the impact of the parasitoids on
the stem-borers and that of the exotic parasitoid species on the indigenous one. These questions are:
(1) what is the likelihood that C. flavipes will have a significant impact or stem-borers in the
future?
(i) can the levels of parasitism observed explain the decline in stem-borer density?
(iii) ~ what will be the ultimate impact of C. flavipes on C. sesamiae?
(iv)  what are the reasons behind (iii) above?
The life cycles of the stem-borer and the parasitoids are outlined below, and then the model
described, which addresses the above and, possibly, other questions relating to their interactions

with special focus on the competition between the parasitoids.

3.1: The Life Cycle of the Host

The biology, management and population dynamics of Chilo partellus in East Africa has been
intensively studied (in the absence of aﬁy" significant natural enemies). We outline a simplified
description of its life cycle as given in Ofomata (1998) and the references therein.

The adult moths are nocturnal and live for approximately one week. Oviposition begins on the night
of emergence and continues for two nights. Ovipositing a mean of 434 eggs, the eggs are deposited
in masses on the undersurface of leaf blades. The egg developmental pg:riod is 4 to 5 days at 26-
28°C. Eggs hatch early in the morning and on hatching, larvae crawl to the tips of the leaves where
they either suspend themselves on fine silken threads and are blown away to infest neighbouring
plants or crawl towards the leaf whorls or sheaths depending on the stage of the plant. Young larvae
feed actively on tender leaves, but bore into the stems as they increase in size. On a natural diet, the
larval stage lasts for 16 to 41 days at 24-33°C. When larvae are fully-grown, they start preparing for

pupation by cutting exit holes in the stem to enable the emerging moths to escape. The pupal stage
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lasts 4 to 8 days. The life cycle may be continuous where favourable conditions for host plant
- growth exist throughout the year. However. the cycle is usually interrupted by a cold or dry season.
during which host plants are not available or are unsuitable for growth and development of the
stem-borers. The mature larvae then enter diapause inside old stems or stubbles and pupate on
return of favourable conditions. Diapausing larvae of Ch. partellus lose their cuticular pigments.
cease to feed and become resistant to desiccation. Diapause is broken with the onset of favourable
conditions. There is large variation in the duration of the larval stage and the period spent in

facultative larval diapause. Consequently, overlapping generations occur.

3.2.1: The Biology of C. flavipes

Cotesia (=Apanteles) flavipes is a gregarious braconid wasp that develops within the larvae of the
African gramineous stem-borers. An adult parasitoid has a short lifespan of about 3 days. Gifford
and Mann (1967) reported that the adult females lived 4-5 days while adult males lived 4-7 days at
28.3°C. Potting et al. (1997) reported that the average lifespan of fed female wasps in a humid
environment (70-80% RH) at 22°C was 6 1 déys, whereas fed parasitoids in a dry environment (35-
40% RH) at 31°C lived an average of only 8 hours. They, therefore, inferred that temperature,
humidity and food availability had significant effect on the longevity of the female wasps. The
adults mate and the females lay eggs, in most cases, immediately after emerging from their cocoons.
Soon after mating, eggs are deposited into medium- and large-sized larv;ie of caterpillars. To locate
the host microhabitat, female C. flavipes use olfactory stimuli that are emitted by the infested stem
but, also, by the undamaged leaves of the infested plant (Potting et al., 1995). Depositing
apbroximately 35-45 eggs in a single oviposition, in each of the first 3 encountered hosts (Potting et
al., 1997), a female lays about 150 eggs during her life. Kajita and Drake (1969) reported that the

mean number of eggs at 25°C in Chilo suppressalis larvae is 36.5. Around 40% of the wasps are
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killed inside the stem (Potting et al., 1997). The duration of immature stages takes about 18 davs at
25°C and the sex ratio is typically female biased (60-70%)(Gifford & Mann. 1967; Ngi-Song et al..
1995). Gifford & Mann (1967) reported that at an average temperature of 28°C, C. flavipes attains
larval maturity in about 11 days. The pupal stage has a mortality rate of 11% and lasts for
approximately 6.2 days at 25°C, while at 30°C, the stage has a mortality rate of 22% and lasts for
approximately 5.6 days (Kajita & Drake, 1969). Cotesia larvae emerge after about 15-20 days and
spin their cocoons on or near the host, which dies when the wasps emerge. The life cycle, from egg

to adult, is approximately 22-30 days, depending on the temperature.
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Fig. 3.2.1: A general life cycle of the parasitoid species C. flavipes and C. sesamiae

3.2.2: The Biology of C. sesamiae

We outline the life history of Cotesia (=Apanteles) sesamiae as described by Ullyett (1935).
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Cotesia sesamiae is a gfegarioﬁs braconid larval endoparasitoid that develops within the larvae of
the African gramineous stem-borers.‘An adult parasitoid has a short lifespan of 3-4 days, when food
- isreadily available. Without food, adult longevity is about 1 day. Commonly from 60-100 cocoons
are produced from a single host. The white cocoons are spun within the lumen of the maize stalk
and are loosely held together with strands of fine silk, the whole mass often surrounding the now
sluggish host but attached to the walls of the burrow. Both males and females are produced from
each mass of cocoons and mating takes place very shortly after emergence. An adult C. sesamiae
chooses for oviposition a host that is approximately in the middle of its life. Location of the host is
largely a matter of olfactory stimulus. The period from oviposition to the emergence of fully-grown
parasite larva varies from 14 days in the warmest part of the summer to 21 days during the cooler
weather of late summer and early autumn. In a humid environment (80% RH) at 26°C the pupal

period occupies from 5-7 days. Dry conditions are detrimental to the pupal stage.

3.3: Description of the Model

We now establish a competition model, whose structure (Fig. 3.3.1) is based on changes from
season to season in the densities of stem-borer and the two parasitoids. Firstly we list all the
symbols in the model. The values for the parameters are given in brackets.

0 average no. of female C. flavipes emerging from each parasitised Ch. partellus (23+2).

o average no. of female C. sesamiae progeny emerging per Ch. partellus attacked (19£3).

gr average no. of eggs laid per C. flavipes adult (30%3).

& >average no. of eggs laid per C. sesamiae parasitoid (24+3).

ar searching efficiency per C. flavipes (0.0060).

ay searching efficiency per C. sesamiae (0.0032).
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M parameters of the negative binomial distribution, which measure inversely the degree of
aggregation or contagion of, respectively, C. flavipes and C. sesamiae within the host population
(0.67, 0.69).

A finite rate of increase per-adult Ch. partellus = average no. of offspring produced by an
unparasitised stem-borer (30+1 0).

N: densities (population size) of Ch. partellus in season ¢.

Fi densities of adult C. Jlavipes in season .

S¢ densities of adult C. sesamiae in season .

fy intrinsic rate of increase of C Sfavipes on Ch. partellus at 25°C (0.1569).

Is intrinsic rate of increase of C. sesamiae on Ch. partellus at 25°C (0.1067).

Ror net reproductive rate of C. Sfavipes = maximum no. of C. Savipes adults in season 7+1 per C.

Aavipes adult in season ¢ on Ch, partellus at 25°C (20.96).

Ros net reproductive rate of C. sesamige on Ch. partellus at 25°C (7.69).

K C. flavipes carrying capacity = the eqﬁilibrium C. flavipes population density from the logistic
equation [2.3.2] (77+21).

K C. sesamiae carrying capacity (72+15).

oy C. flavipes intraspecific competition coefficient (0.0089).

%s C. sesamiae intraspecific competition coefficient (0.0097).

B the per capita effect of C. Savipes on the population growth of C. sesamiae (1.23 87).

By the pef capita effect of C. sesamiae on the population growth of C. Sfavipes (1.2083).

g the relative index of the efficiency of utilizing C, Sfavipes as a potential control agent in the

presence of C. sesamiae.

g efficacy of C. sesamiae as a control agent in the presence of C. Savipes.
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C. flavipes

Ch. partellus

C. sesamiae

Fig 3.3.1: diagrammatic illustration of the three-species system discussed in our model —the two parasitoid
species C. flavipes and C. sesamiae attacking Ch. partellus.

The equations

The model is defined by three equations. The first one:

N,,, = AN (E)h (S,) (3.2.1)
describes the changes from season f to season #+1 of stem-borer density, based on the loss due to
parasitism. Equation (3.2.1) states that the density of Ch. partellus in season t+1 equals the product
of the density in season ¢, the host finite rate of increase and the instantaneous risk of parasitism.
Though there exists a number of ways that the risk of parasitism might be modeled (e.g. see Hassell
and May, 1985), we have deliberately chosen a very simple form, which was described by May
(1978). The reasons for our choice are

(i) there is no evidence of density dependence between stem-borers of successive seasons (G.
Zhou, personal communication),
(ii) the host-parasitoid encounters are not random but aggregated (Smith and Wiedenmann,

1977) and

(i) some of the approaches are mathematically intractable and hence difficult to solve

numerically.

The function h(F, describes the fraction of stem-borers surviving parasitism. That is, the
probability of the stem-borer not being found by C. flavipes. This function is based on the zero term

. of the negative binomial distribution
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The function hgF,) describes the fraction of stem-borers surviving parasitism. That is, the
probability of the stem-borer not being found by C. flavipes. This function is based on the zero term

of the negative binomial distribution

h (F) = (1 + a—‘Fﬁj_m (3.2.2)
m

A thorough treatment of the negative binomial can be found in Bliss & Fisher (1953) and in Richter

& Sondgerath (1990). The corresponding function for the fraction of stem-borers that escape
5 n xe aS, )"
parasitism by C. sesamiaeis  h(S,) = (1 + —5—‘) (3.2.3)
n

The next, precisely symmetrical derivations

E. = 1-h,(F F,S
t+1 ¢Nt[ f( [)]gf( t t) (324)
S,,, =oN [1-h(S)]g,(F,S,)
respectively describe the change in the C. flavipes and C.sesamiae densities from season 7 to season

t+1, modified by the effect of intra- and inter-specific competition. The functions g, (F

t

,S,) and
g,(F.,S,) are analogues of the familiar L-V differential equation model for two species competition

(May, 1974) modified by adopting the Richards model (Richards, 1959). They are respectively

g.(F,S) = exp{rf[l = (Mj }
K, |
g, (F.S)= exp{rS {1 -k (ﬂ%‘ifi} }

The intra-specific competition coefficients, o and o, Wwere, respectively, estimated from the

given by: (3.2.5)

relationships ¢ = &, exp(-a,&,) and o = ¢, exp(-a,¢,) .
The parameters ayand a; were estimated by Rogers’ (1972) random parasitoid equation

N, = N[1—-exp{-T.aP/(1+abN)}],

par
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using data collected in the coastal area of Kenya by Sallam (1998), where N,,, = total number of
stem-borers attacked, V = initial number of stem-borers available, P = parasitoid density, T;= total

time available and b = handling time. The parameters rrand rg were calculated from the expression
Yexp{-r,x}{ m =1
while R,r and R,s were calculated from the formula R, =>4 .m, due to Birch (1948), by Mbapila

and Overholt (2001), by exposing the fourth instar larvae of C#. partellus to cultures of C. flavipes
from southern Pakistan and C. sesamiae from the Coast Province of Kenya. Here, x is the age of
individuals in days, £y the number of individuals alive at age x as a proportion and m, the number of
female progeny produced per female in the age interval x.

The interspecific competition coefficients, Pg and Bsr, were respectively estimated by

> (s P) (P B,
g(pﬁ /p)’b,

> P4/ )P0/ PID,
> (p./p)b,

and , Where,

7

s

~

Psiand py; are the frequencies of stem-borer species i in the diets of C. Sfavipes and C. sesamiae,
respectively, p; = standing frequency of stem-borer species i in the environment, b; and by; are,
respectively, the mean weight of C. flavipes and C. sesamiae cocoon emerging from the fourth
instar larvae of stem-borer species i; and summations are taken over the three stem-borer species;
Chilo orichalcociliellus, Chilo partellus and Sesamia calamistis. This expression is due to Schoener

(1974).



CHAPTER FOUR
AN EMPIRICAL STUDY

4.0: Introduction

The primary purpose of the model is to examine effects of competition on the equilibrium levels and
the dynamical stability of the interactive system. With regards to the two parasitoid species, Coresia
flavipes and C. sesamiae. we wish to identify a range of conditions over which coexistence (or
displacement) can ‘occur. Laboratory experiments were conducted to estimate the values for the
interspecific competition coefficients. The model-was fitted to the data of Table 3.1 and repeatedly
varied by computer simulation. Parameter sensitivity studies were made with standard parameter set
for the parasitoids, which included an initial reasonable estimate for the uncertain parameter. The
conditions of coexistence or displacement for the three species and the effects of the parasitoids on

the stem-borer equilibrium levels were explored.

4.1: Materials and Methods :

4.1.1: Estimation of interspecific competition coefficients

Insects: Mated females of the two parasitoid species, C. flavipes and C. sesamiae, and the fourth-
instar larvae of 2 stem-borer species, Ch. partellus and S. calamistis were used for the experiments.
Parasitism: Using soft forceps, twenty-five fourth-instar larvae of the two stem-borer species were
singly exposed to individual mated female parasitoids of a particular species in a sleeve cage.
Parasitism was detected by observing the encounter between the female parasitoid and the host.
Care was taken to allow only one oviposition per host. After completing oviposition, the female

parasitoid left the host. All parasitised larvae were placed individually in glass vials containing an

artificial diet and then held in incubators at 25°C for emergence of parasitoid progeny. All cocoons



that formed from parasitised hosts were removed from the artiticial diet and kept separately in vials
plugged with cotton wool. The dates of cocoon formation and their weights upto the day theyv began

to darken were recorded.

4.1.2: Curve Fitting
Using the data of Table 3.1, a series of model runs was conducted. Various variations of the initial

population densities for the three species were made. For simulation purposes, we selected v = 0.5.

4.1.3: Sensitivity Analysis

In the parameter sensitivity runs, each parameter was varied in five equal increments in a range
covering the region of interest (usually from 10 to 20%). All other parameters were held constant.
The sensitivity assessments were all made by comparing the time graphs for the species population
densities. The comparative runs with five different parameter values provided an indication of the
sensitivity of the simulation results to the uncertainties in the parameter under study.

Computer simulations using parameters in other agroclimatic zones (different from the zone of our
immediate interest) were considered with an aim of understanding the performance of the
parasitoids in these zones. We also considered more fundamental changes in the model’s

- assumptions or those which, given the available data, are less likely but nevertheless instructive.



| 4.2: RESULTS
4.2.1: Estimates for the interspecific competition coefficients
For convenience, and without loss of generality, the three stem-borer species, Ch. orichalcociliellus,
Ch. partellus and S. calamistis were labeled as species 1,2 and 3, respectively. Table 4.1 below lists

the parameters and their values.

Parameter Value

by 18.5000*
by 44.0909
by . 479167
b, : 16.0800*
by, 31.5000
by 48.8000

Table 4.1: Results from the competition experiment.
*Owing to unavailability of Ch. orichalcociliellus species at the time of the experiment,

b
b1 and bat were estimated by N _16.74% = —b-“— (see Okech and Overholt, 1996).
2+by 80+5

s1

The other parameters, used for computing the interspecific competition coefficients are given in

Table 4.2 below: :
- Parameter Valuet Parameter Value #
Pa 0.3507 1 0.0600
P 0.4140
Pa 0.2353 D2 0.8800
Dy 0.2799
P2 0.3519 Ds 0.0600
Do 0.3682

Table 4.2: Parameters and their values used in computing the interspecific competition
coefficients. {t Source: Ngi-Song et al. (1995);  # Source: Overholt et al. (1994a)}

4.2.2: Model fitting

The model predicts coexistence of the three species, with C. flavipes dominating the interactive

system (Figure 4.1).
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It also offers a clear prediction that C. flavipes will lead to a greater depression of stem-borer
population densities. The densities for the three species continue to oscillate around the
equilibrium, the two parasitoid species maintaining Ch. partellus below their cycles. Each of the

three species has a short period of oscillation, with no indication of approaching the equilibrium.

4.2.3: Sensitivity Analysis .

Within parameter ranges that we have covered in the simulation, the three species rapidly approach

the equilibrium values or they oscillate around the equilibrium values. In other words, two patterns

of behaviour for the interactive system are exhibited:

(1 One pattern is where the densities of the three species never approach the equilibrium but
continue to oscillate around the equilibrium (e.g., Figure 4.1).

(i) The other pattern is where population densities of the three species rapidly approach their
equilibrium (e.g., Figures 4.2 & 4.3) or where the system continues for a long time even if
the approach to the equilibrium values is slow (Figure 4.4).

In caée (i), the periods of oscillation are longer when the interspecific competition for the

parasitoids is stronger. Interspecific competition between C. flavipes and C. sesamiae was observed

to have a significant effect on the population of Ch. partellus, only when the net reproductive rates

for the parasitoids were assumed equal. In this case, the intensity of competition was dependent on

the density ratio at which the interaction took place. As the initial adult density ratio of C. flavipes:

C. sesamiae increased, the population of C. flavipes increased over C. sesamiae in the interactive

system. At higher initial densities, C. flavipes outcompetes C. sesamiae and dominates the system.
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Figure 4.2: Numerical simulations for the model when m=0.536 and n=0.552; all the other parameters are as given in section 3.3.
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Fig.4.4: Numerical simulations for the model when Ps=1.48644 & B«=1.44996 al] the other parameters are as given in section 3.3.

This suggests that at the lowest density ratio, there exists an unstable equilibrium point, with one
species outcompeting the other depending on their initial numbers. Both species suffer interspecific
competition, C. sesamiae to a larger extent than C. flavipes. The competitive aggressiveness of C.
flavipes reduces C. sesamiae to a level at which both species coexist. This observation is in
agreement with that of Sallam (1998), that C. flavipes is extrinsically superior to C. sesamiae when
Ch. partellus is the host.

It turns out that only a handful of parameters require careful specification. For remaining
parameters, even large variations (of the order of 20%) do not significantly affect the results.
Sensitivity analysis also reveals which parameters have the greatest influence on the relative
effectiveness of the two parasitoid species. Apparently, the level of parasitism achieved is primarily
influenced by the intrinsic rate of increase, r of the parasitoids. The same reason tends to explain
why C. flavipes dominates the interactive system (see Figures 4.5, 4.6 & 4.7). When the parameters

R,rand R, are assumed to be equal, the two parasitoid species coexist sympatrically.
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Fig.4.7: Numerical simulations for the model when Ror=Ros=2.96, all the other parameters are as given in section 3.3.

Temperature variation had an effect on competition between the two parasitoids. At 25°C, C.
sesamiae suffered interspecific competition to a greater extent than did C. flavipes. As temperature
increased to 28°C, the population of C. sesamiae drastically decreased and almost approaches

extinction. And at 31°C, the population of both species increased - thus both species coexisted

(Figures 4.1, 4.8, 4.9 & 4.10).
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Figure 4.8: Numerical simulations for the model using parameters at 22°C.
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Figure 4.10: Numerical simulations for the model using parameters at 31°C.

When the degree of aggregation is decreased, or when the searching efficiency for C. flavipes is
more pronounced, there is an improvement in the ability of the parasitoid to reduce stem-borer
density when acting alone. Paradoxically, ?thé same changes in parameter values lead to an increase
in stem-borer density when both parasitoids are active. On the one hand, therefore, this seems to
suggest that the addition of C. sesamiae to a systém already containing C. flavipes is unlikely to lead
to a major decrease in stem-borer density. On the other hand, it is apparent that the addition of C.
flavipes to a system just containing C.sesamiae is likely to be beneficial.

The foregoing discussion on the sensitivity analysis is one-dimensional in that only one parameter at
a time has been changed. We also tried changing pairs of parameters though in no case were our
conclusions about the superiority of C. flavipes challenged. With twenty-two parameters, there is

always the possibility that our conclusions are not robust for relatively small changes in large

combination of parameters. What our analysis does indicate is that this is rather unlikely.



CHAPTER FIVE
DISCUSSION

In this study, the ultimate extent of suppression of Ch. partellus population density is largely
determined by three attributes of the parasitoids: the net reproductive rate, the degree of aggregation
and the searching efficiency. Figures 4.5 & 4.6 suggest that it is primarily a low R, value that limits
the effectiveness of C. sesamiae. Our study therefore offers a possible explanation for the inability
of C. sesamiae to maintain stem-borer population density below economically injurious levels. Our
results generally agree with those of previous studies, which have demonstrated that C. flavipes is
extrinsically superior to C. sesamiae when Ch. partellus is the host (Overholt et al., 1997; Sallam,
1998). We found no evidence to suggest that competition within and between the parasitoid species
is the most important in regulating the densities of stem-borers.

One question that we need to ask ours‘elves is ‘what are the implications of this study for a natural

enemy introduction program?’ When introduction programs of natural enemies to control pest

insects are projected, the following two cases can be assumed to occur and the targets of program
will be different for the two cases.

(1) One case is where population densities of the pest and the natural enemies rapidly approach
their equilibrium values or where the system continues for a long time even if the approach
to the equilibrium values is slow. In this case, our concern is on the equilibrium density of
the pest insect and the target must be to retain the density to a low level.

(i1) The other case is where the densities of the interacting species never approach the
equilibrium but continue to oscillate around the equilibrium. In this case, the target will be to

minimize the maximum density of the pest insect.



As examined in the previous sections. the intrinsic rate of increase makes a great effect on the
equilibrium level of the host density. If case (i) exists in a certain host-parasitoid svstem. an
efficient parasitoid to control the pest should have the intrinsic rate of increase such that the
equilibrium density of the host is minimized.

The feeding behaviour and the physiological processes of the parasitoids are complex ones. As
such, it is not easy to simplify it satisfactorily to incorporate into a simple mathematical model of
this nature. Although Chilo partellus is assumed to be the only host for the parasitoids in this study.
the proportion of the other stem-borer species, C. orichalcociliellus. and S. calamistis will inevitably
influence the manner in which the densities of the three species considered in our model evolve. In
fact, the trend in the proportion of the stem-borers in the coastal area of Kenya has been changing
since 1994 (W. Overholt, personal communication). We deliberately made the above assumption to
study the qualitative effect on the host-parasitoid system. The other limitation to the range of
applicability of the model is the fact thaE most of our parameters are based on the maize (Zea mays)
plant. Different parameters are, howe\;er, Vexpected if other gramineous plants are utilized for the

experiments. This would in turn change the manner in which the interactive system evolves over

time.



CHAPTER SIX
CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

For purposes of illustration we have exhibited the behaviour of models in which the relationship
among population growth, competition and resources is specified in detail. However. we believe
that these models are applicable to a variety of situations and in particular to situations of
competition between parasitic organisms. The fundamental restriction is that the biota considered
must be those in which the rate of population growth is proportional to the amount of resource
consumed. For higher organisms with complex life cycles and elaborate behaviour patterns, these
models could not possibly mirror the complicated interactions that may occur. But this objection
applies to all of the simplistic models (Hassel & May, 1985) upon which most competitive theory is
based. Inevitably, the more precisely a model is defined, the more limited is its range of
applicability. Typical constraint on time compelled this study to proceed rapidly. But despite the
limitations of this basic model with reference to particular systems, we feel that the model possesses
considerable utility. It is conceptualiy useful %of the development of a general theory of resource-
limited growth and competition. It is this function to which we have applied the model in this
present discussion. Furthermore, the model has been designed for empirical testing, even though the
whole idea of model validation is a thorny issue (for further discussion along these lines, see Rykiel,
1996).

The assumptions upon which the model is based and hypotheses generated from its consideration
are empirically testable. The values of its parameters and functions can be estimated and through a
process of modifying, fitting and testing this basic model, numerical simulations of resource-limited
growth and competition may be generated for particular species. With this approach, the reality of

this basic model, the robustness and generality of the conclusions drawn from it may be determined
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empirically. The present study shows the usefulness of similar competition models in predicting the
outcome of a classical biological control programme. Though the study was conducted with limited
parameters, further studies in the field with other interacting parameters would help in developing a
model, which would enable the pest management personnel to take corrective action well in
advance.

[t seems likely that the results of this study stimulate future studies. Theoretically, it is an open
problem whether or not the stem-borer population density has the same qualitative effects as given
in this report when‘other factors such as plant species, aggregative response and time lag of the
parasitoid (Watt, 1959) are introduced. An implicit assumption of this model is that the parameters
obtained by using another gramineous plant (like sorghum) will not be significantly different from
the ones we obtained by using the maize (Zea mays) plant. Intuitively, we feel that there is a need to
incorporate all the resource states for the interactive system in the model to make it more realistic.
Plants provide important cues to the searching parasitoids. A study carried out by Ngi-Song er al.
(1996) revealed that C. flavipes preferred volatiles from maize over those from sorghum, while
maize and nappier grass were equally attractive. In contrast, C. sesamiae showed a preference for
sorghum and nappier grass over maize.

The assumptions of a single host for the two parasitoids was made only to facilitate the analytical
treatment of the model within the time frame of the study- and we ta.ke»no credit for this. A more
elaborate model would need to be constructed to explore the consequences of considering the other
stem-borer species in the parasitoids’ habitat (i.e., Ch. orichalcociliellus and S. calamistis). We
believe that these stem-borer species would have an important effect on the outcome of competition.
Besides, the evidence on which some of the parameter estimates in section 3.3 were made is rather

weak. The consequences of the limitations of these models through the use of numerical simulations
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ought to be examined. Finally. we have assumed time-invariant parameters. It is likely that most of
the parameters in the model will change seasonally leading to changes over the year in population
densities. The sensitivity analysis suggests that seasonal changes will not affect predictions about
the relative effectiveness of the two parasitoids. though a more detailed simulation approach is
required to produce accurate predictions of population levels during the year.

Nevertheless, we believe that the qualitative conclusions based on the model presented here will

persist even when they are made more realistic by the inclusion of such complicating factors.
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APPENDIX

Temperature  C. flavipes C. sesamiae
Roft 1y Ros s

2 134  0.1011 - 835 0.0839

25 21°05 0 01563 769 0.1067

28 : 181801508 132 0.1142

3 102 01433 58 0104

Appendix 1: Net reproductive rate and the intrinsic rate of increase of C. flavipes and

C. sesamiae on Ch. partellus at four constant temperatures.

(Source: Mbapila & Overholt, 2001).




