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ABSTRACT

The development of insect pathogens as control agents requires a

comprehensive understanding of pest-pathogen dynamics if their full potential

as biotic agents is to be realised. Aspects of the ecology of both pest and

pathogen, however, can be difficult to measure. AS a consequence,

identification of the key factors which act to influence the dynamics of the

pest-pathogen interaction can be difficult. In this context, mathematical

population models can provide useful tools to focus research onthe collection

of the most relevant information and for developing and evaluating control

strategies.

This paper describes the application of some simple population dynamic

models to investigate the potential of a fungal entomopathogenfor biological

control of locusts and grasshoppers. The models are used to assess population

fluctuations and reductions arising from biopesticidal applications of the

pathogen under different scenarios and to determine what effects various

aspects of the host-pathogen interaction have on the impact of a single

application.

INTRODUCTION

Diseases can have dramatic effects on populations of insects in both natural and agricultural

settings (see Tanada & Kaya (1993) for numerous examples). However, despite their

importance, the dynamicsof insect-pathogen interactions remain relatively poorly studied. In

particular, studies in which theoretical approaches are linked or supported with quantitative

empirical data are rare. Thus, whereas biological control based on predators and parasitoids

has available to it a large and established body of relevant theory, biological control using

pathogenshas only

a

limited theoretical basis. At the same time, because of environmental

concerns and increasing insecticide resistance (recorded in over 500 insect species

world-wide and increasing exponentially (Georghiou, 1990)), the opportunities for using

conventional chemicals for insect pest control are becoming more and more restricted and the

interest in the potential of insect pathogensfor biological control, particularly as biorational

pesticides, has been stimulated by recent developments in molecular biology and
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biotechnology and is growing rapidly. Thus, efforts to improve understanding of

host-pathogen dynamics and ecology are now both necessary and relevant.

This paper describes how ecological approaches are being applied in an on-going biological

control programme which is aiming to develop a fungal-based biopesticide product for

control of locusts and grasshoppers. The paper does not attempt to address insect-pathogen

interactions from a broad theoretical perspective but instead, focuses on how basic ecological

techniquesare being used to help interpret and predict the impact of spray applications and, in

more general terms, how this is contributing to a greater appreciation of both the similarities

and the differences between chemicalpesticides and their biological counterparts.

The LUBILOSA programme

The LUBILOSA (LUtte Blologique contre les LOcustes et SAuteriaux) programmehas been

developing an oil-based biopesticide containing spores of the entomopathogenic fungus,

Metarhizium flavoviride, for control of locusts and grasshoppers in Africa. This pathogen acts

like a chemical pesticide through direct contact and a number of successful laboratory,

semi-field and field tests have been conducted against a range of locust and grasshopper hosts

under a variety of ecological conditions (e.g. Bateman ef al., 1993, Lomeref al., 1993,

Douro-Kpindouet al., 1995, Kooymanef al., in press). From these tests it has become clear

that the host targets can be contacted by the pathogen via three possible routes. The first of

these is from direct contact with the initial spray application. The percentage infection or

mortality resulting from this route is governed largely by application techniques and physical

environmental factors such as temperature, wind speed and vegetation structure; these factors

also influencetheinitial efficacy of an application of a chemicalinsecticide. The second route

of infection is via the spray residue. Once again application, formulation and environmental

factors are important, through their effects on the persistence and spatial distribution of the

pathogen propagules. However, in addition to these, biotic factors such as pathogenicity and

natural survival of the pathogen are also important. These factors have their chemical

analogues but will be influenced by environmental variables in different ways. Finally,

horizontal transmission of the pathogen from individuals infected via the first two routes

provides a third possible route of infection. The dynamics of this phase are governed by the

factors which regulate natural host-pathogen interactions since infections result from natural

pathogen delivery mechanisms. These clearly include a numberofbiotic factors relating to

the specific life-history and behaviouraltraits of the host and the pathogen, as well as a range

of abiotic factors which have a fundamental influence on the physical and biochemical

processes involved in the host-pathogen interaction. These processes have very few chemical

analogues.

Overall, therefore, if the consequencesofan artificial application of pathogen on within- and

between-season host-pathogen dynamics are to be investigated, the relative contribution of

each of these separate routes of infection needs to be examined, taking into account both the

biotic and abiotic aspects of the system. Sinceit is rather complicated (perhaps impossible) to

do this through experimentation alone, examination of various aspects of the host-pathogen

interaction is aided greatly by the use of population dynamic models. 



A BASIC HOST-PATHOGEN MODEL

A general framework for a model which captures the intra- and inter-generational events of a

typical sahelian grasshopper system is presented below. Although the principles involved in

this model are very simple, the mathematics necessary to describe events can, depending on

assumptions, be complicated and are not discussed any further here. Instead, the paper

focuses on the biological insights gained from the model and the model itself is described

verbally. Those readers interested in further details of the model and its derivations are

referred to Thomasetal. (1995, 1996a, 1997) and Wood & Thomas (1996).

Mostsahelian grasshoppers have just one generation per year. Nymphsemerge during the wet

season from eggslaid the previous year and pass through 5 or 6 instars to adulthood in 4-6

weeks. Reproduction and oviposition takes place over a similar period of about 4-8 weeks

and then the adults die. Eggs remain in diapause in the soil throughout the dry season (a

period of about 8 or 9 months) until the onset of the rains. During this period the eggs are

protected from the pathogen. Therefore, any interaction between grasshopper and pathogen is

restricted to the wet season (a period of approximately 120 days).

For the modelthen, the within-season componentbeginsafter egg hatch with a population of

susceptible grasshoppers of density H. A spray event results in a proportion of these

becoming infected. This proportion depends on spray efficiency, k, which is a composite

parameterdescribing the direct spray contactrate, d, and the infectivity of the spray residue,

r. After a numberof days (the numberactually depends on the host species, the virulence of

the pathogenisolate and environmental conditions) these insects die, produce fresh pathogen

spores and thus act as new sources of infection. Each individual cadaver has a defined

infectivity profile which varies as spores are released and the body parts break up and decay

but the overall rate of infection of susceptible hosts is determined by the summed infectivity,

i, of the cadaver population. Thislatter term is also a composite function that assumesthat the

instantaneousrisk ofinfection to a given susceptible host is a function of cadaver density and

their individual ages at that instant. Thus, i contains elements of both the transmission

coefficient, (i.e. the constant proportion of contacts between hosts and pathogenthat actually

result in transmission, B), and the dynamicsofthe free-living pathogen population (i.e. the

transition rate for change in infectivity as individual cadavers age,c).

For the interval between infectious seasons, it is assumed that the host population growsat a

finite rate of increase, F, where those individuals available to breed are the fraction of

susceptible hosts that survived the epidemic. The between-season changes in host population

dynamics can also include an immigration term, R, which represents the mean number of

grasshoppers that arrive in an area independent of density last year due to redistribution

between feeding andoviposition sites. Furthermore,the modelcan allow for carry over of the

pathogen between wet seasons by scaling infectivity of the cadaver pool by a constant

proportion, g, representing pathogen survival.

This basic form of the model omits all sources of mortality other than the pathogen; a

conservative assumption when asking questions about how effective control is likely to be. 



The model also assumesa proportional mixing form for the transmission process, a standard
assumption in manyhost-pathogen models.

MODEL SIMULATIONS

f spr j i f ication

Having formulated a basic modelit is now possible to use this to explore the consequences of

spray applications under different scenarios and examine how the various routes of infection

combine to influence grasshopper population densities. To begin with, just the events

following the initial spray application are examined, highlighting the contribution of the

spray residue to overall mortality. In order to do this, it is necessary to set some basic

parameters for the model and define the infectivity of the spray residue,r.

Numerous studies in the LUBILOSA programme have revealed that the infectivity of the

spray residue typically follows a negative exponential decay with a half-life of between 2-8

days (Jenkins & Thomas 1996, Thomaset al. 1996a, 1997, Kooyman etal. in press). It is

worth noting that this persistence is considerably greater than expected from laboratory

investigations which revealthat only 1h of exposure to simulatedtropical solar radiation can

dramatically reduce conidial viability and a single day of direct sunlight causes complete

inactivation (Mooreef al. 1993). Thus undernaturalfield conditions, spores appear to remain

active in protected positions in the environment for far longer than might be expected. For the

following examples then, the spray residue is considered to have a half-life of between six

and seven days. The expression used in the model to describethis risk of infection from the

spray residue (r) across time (t) is given by r = 0.156 exp(-0.102t). This describes a negative

exponential and represents an empirically measured estimate obtained from field trials against

the rice grasshopper (Hieroglyphus daganensis) in north Benin (see Thomas er al. 1997 for

details). Using this estimate, the model is used to investigate the contribution of the spray

residue to total mortality within a season and to examine whateffects this has on long-term

control (Figure 1). For the sake ofthis exercise it is assumed that the grasshopper population

is sprayed whenever it exceeds a threshold density of 10 grasshoppers/m?(there are no good

estimates of economic threshold densities for Sahelian grasshoppers; 10/m? is an arbitrary

figure representing intermediate to high grasshopper densities). It is also assumed that

spraying only occurs oncea year and that initial spray efficiency is low. This is done here so

that the potential contribution of the spray residue can be clearly seen, although direct spray

contact rates can indeed be very low underreal field conditions. Other parameter values for

the model are given in Table 1.

The model output in Figure 1 and subsequent figures shows the host population trajectory

over 50 generations with the time between seasons removed to shorten the time series for

presentational purposes. Thefigure reveals that althoughthe spray hit rate is low (just 15%),

total mortality following a spray application is approximately 80%. This causes the

population to crash dramatically and thus provides a substantial contribution to the impact of

a spray application. Although not discussed further here, this within-season prediction has

been validated for a numberoffield trials, confirming the importance of residual pick-up of

spores as a major route of infection (Thomaset al. 1996a, 1997). However,in spite of this

impact the biopesticide fails to provide any long-term control with host densities exceeding
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the spray threshold nearly every year. Thus, under these model assumptions the biopesticide

acts just like a chemical pesticide inducinga standard level of density independent mortality.

Table 1. List of parameters used in the model. Parameter values are taken from

Thomasetal. (1995, 1996a,b, 1997) and Wood & Thomas(1996).

 

Parameter description Value

Transmission coefficient (B) 0.4

Transition rate for changein infectivity of cadavers (c) 0.11

Riskof infection from the spray residue(7) 0.156 exp(-0.102t)

Timeto death following infection 12 days

Density of healthy hosts before spraying 10/m?

Finite rate of increase (F) 5

Between-season pathogen survivalrate (g) 0.05

Annual immigration of healthy hosts (R) 0.1/m?

Spray action threshold 10/m?

Direct spray contact rate (d) 0.15

Duration of season after spraying 90 days

 

Ho
st

po
pu
la
ti
on

de
ns
it
y

   
Time(days)

Figure 1. Predicted change in grasshopper population density through time following

applications of the biopesticide. In this example, the biopesticide acts through direct

contact and residual pick-up of spores only, with no horizontal transmission.

Parameters for the modelanddetails of the spray regimeare given in Table | and the

maintext. 



f horizontal transmissi n impactof a spray application

Having examined the effect of the spray residue, the contribution of horizontal transmission

of the pathogen to overall mortality following a spray application is now examined. In order

to examine just the effects of horizontal transmission, it is assumed that residual pick-up is

zero and the initial spray application simply acts to provide a pulse ofinfected individuals at
the beginning of the season. To explore the effect of further cycles of infection following this

introduction it is now necessary to add in estimates for the transmission coefficient, B, and the

transition rate for movement of cadavers between infectious stages, c. These have been

estimated empirically for a number of grasshopper species in a variety of habitats. For the

purpose of continuity, the parameter values used here are once again for H. daganensis. Full

details of the experiments conducted to obtain these estimates are given in Thomas ef ai.

(1995). For the current purposes it is sufficient to note that B and c were estimated as 0.4 and

0.11, respectively. Other parameter values are the sameas in Table 1.

As with the spray residue, the model is used to examine the total mortality of grasshopper

populations when sprayed with the biopesticide (Figure 2). This figure illustrates two

important points. First, the biopesticide acts in a density dependent manner. This results in

high density populations suffering proportionately greater mortality than low density

populations. This is indicated by the fact that the high density populations (represented by the

high peaks) crash abruptly and are always followed by low density populations (low peaks);

thus high density conditions promote a larger epidemic. Second, the effect of horizontal

transmission is very strong and even with the low spray contact rates, mortality is extremely

high by the end of the season with the result that spray frequency falls to one in every four

years. Interestingly, however, for the realistic parameter ranges determined empirically for

this model, the pathogen fails to’control the grasshoppers in a sustainable manner. Although

not shown here, whatever proportion of the pathogen is allowed to persist from one year to

the next, either the host or the pathogen is effectively driven to extinction. Since host

extinction is most unlikely in practice, what this really means is that sustained "classical"

biological control is unlikely to succeed using this pathogen, at least under these model

assumptions. Nonetheless, the results of this study do highlight the possibility of exploiting

the biological properties of relatively ineffective indigenous pathogens to develop

biopesticides that act in a density dependent manner. This possibility has rarely been

considered in the developmentorstrategic use of entomopathogensin biological control.

Unlike the residual infection example, the predictions from the simple horizontal

transmission model have yet to be fully validated in the field. A number of studies have

suggested secondary cycling of the pathogen following spray applications (e.g. Baker efal.

1994, Thomasef a/. 1997) but a major effect on overall mortality as indicated here has yet to

be demonstrated. One possible reason for this is that some of the basic model assumptions

maybeflawed. In orderto identify any errors in modelstructure and formulation, studies on a

range of factors such as the relationship between pathogen and host density and the rate of

infection, sub-lethal and behavioural responsesto infection, and the fate of infected hosts and

cadaversin thefield, are currently underway. However, one of the major differences between

the basic model and events that follow a real spray application is the omission of any

sequential effects of the different routes of infection after spraying. That is, it has been shown

already that residual pick-up of spores can itself result in high overall mortality and may 



continue to have an impact for some time after spraying. Under these circumstances, the

spray application does more than just provide a small pulse of infection. How this influences

secondary cycling and whichofthese routes of infection is the most important in terms of

practical control is unclear. This is examinedin the followingsection.
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Figure 2. Predicted change in grasshopperpopulation density through time following

applications ofthe biopesticide. In this example, the biopesticide spray acts to create

a small pulse of infection at the beginning of the season and subsequent mortality

results from horizontal transmission. Other details are the same as for Figure 1.

The basic residual pick-up and horizontal transmission models can be combinedeasily into a

single multi-year model. The output from this combined modelis shown in Figure 3. This

shows combinedqualities of previous outputs, with both rapid reduction in populationsafter

spraying and reduced spray frequency. The overall conclusion from this is that residual

pick-up appears to kill more grasshoppers becauseit acts first while numbersarestill high,

but secondary cycling clears up those remaining. Thus, although residual pick-up produces

rapid results, it is secondary cycling that will drastically reduce the host population next year

(at least if a large enough areais treated) and which in turn, contributes to better overall

control reducing spray frequencies andrestricting population peaks. This result is important

in any context in which the choice of pathogen strain or formulation involves a trade-off

betweendirect and residualkill rates, and the potential for secondary cycling. For example, a

trade-off between virulence and pathogen reproduction(i.e. spore production) has been noted

for a number offungalisolates tested in the LUBILOSA programme. Similar relationships

havealso beenidentified for certain viruses. Thus,although high virulence may be a desirable

trait (virulence is often the principal criterion for isolate selection), selecting isolates on the
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basis of this factor alone may have unforeseen consequencesfor the population dynamics of
the host-pathogen interaction and overall pest control.
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Figure 3. Predicted change in grasshopper population density through time following

applications of the biopesticide when both residual pick-up of spores and horizontal
transmission occur. Otherdetails are the same as for Figure 1.
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Figure 4. The relative levels of infectivity in the environment caused by the spray

application and residual pick-up of spores (solid line) and subsequent horizontal

transmission. Furtherdetails are given in the maintext.

Further detail is revealed by examining the relative levels of infectivity in the environment

provided from the different routes of infection (Figure 4). This confirmsthat the spray residue
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acts first, is short lived and acts in a density independent manner. The pattern of infectivity

from horizontal transmission then follows and becauseof cycling, lasts across the season and

varies with host density. Hence, it can be seen that underrealistic conditions whendirecthit

and residual pick-up have a high initial impact, secondary cycling still has an important,

albeit subtle role to play. Moreover, secondary cyclingis not likely to be apparent until late in

the season and so short-term field trials which run for just part of the season (which is a

standardfeature ofnearlyall trials to date) are not best suited to demonstratingits effects.

DISCUSSION

The study of insect-pathogen dynamics and the development of insect pathogens as

biocontrol agents is an exciting and, in some ways, neglected area of research. This paper has

focused on the development and application of insect-pathogen models within a particular

biocontrol programme with the aim of demonstrating the potential for utilising population

dynamicapproachesto addressreal problemsin applied pest management. Here, for example,

the models provide a tool for interpreting patterns of mortality following spray applications

and evaluating the relative importance of different routes of infection. More than that, since

the model frame work and biology are appropriate to many seasonal systems, the work

presented here provides some novelinsights relevant to developmentof insect pathogensas

biocontrol agents in general. First, because of the biological nature of the active ingredient, a

biopesticide may have a density dependent componentto its action. As stated above, this

possibility has rarely been considered in the development of biopesticides. Identifying this

fundamental difference between biopesticides and conventionalpesticides could provide new

opportunities for the use of pathogens in biological pest control. Furthermore,it could have

significant consequences for the economicsof biopesticide use. This is seen in the combined

model wherealthough in absolute terms, secondary cycling of the pathogen appears to have

little impact, its effect on reducing the frequency of spray applications is most pronounced.

Relatedto this then, in order to fully evaluate the efficacy of a biopesticide, it is necessary to

understand that like any living control agent, the effectiveness of a pathogen dependsnotjust

on its capacity to kill pests but also its capacity to reproduce on pests and thereby continue

and compoundits killing action. The interaction between these functional and numerical

components of biopesticide activity can be subtle and may not be apparent from short-term

field studies. This highlights the need for an increased appreciation of both the similarities

and the differences between biopesticides and chemical pesticides and cautions against

considering biopesticides simply as analogues of chemical pesticides with slow acting active

ingredients. Given the need to changethis traditional pesticide "mind-set",this also confirms

the role of population ecology as fundamental to the future development and adoption of

biopesticide technologies.
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